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Abstract

Introduction

Confocal Scanning Laser Microscopy (CSLM) has
advantages over conven tional light microscopy and
electron microscopy. In particular the possibility to
perform optical section ing, allowing the disturbance
free observation of the three-dimension al internal
structure, offers new possibilities in microstructural
st udi es of food sys tems. The technique is further
considered to be very valuable in the study of dy nami c processes and tran sport phenom e na. Preliminary results are discussed of an inve s tigation into
the microstructure of fat spreads, mayonnaise, cheese
and rising dough us ing this CSLM techn iqu e .

Initial paper received October 8, 1987
Manuscr ipt received October 30, 1987
Direct inquiries to I. Heertje
Telephone number: 31 10 460 5513

Light and electron microscopy play an important
role in the observation of the microstruc ture of food
systems . Electron microscopy (EM) has the adva n tage of a high resolution ( - 1 nm), but it is generally very laborious and requires elabora t e sample prepara tion which may lead to ar tifac t s . In addition,
samples are observed under high vacuum and a t high
radiation doses. Classical light mic roscopy (Ll\·1) is
easy to apply but it s resolution is rather limited and
undisturbed observation of samples is difficult, espe cia lly when deeper layers must be pt•obed .
In this context, and in view of the desirability
to perform measurements under dynamic conditions,
alternative techniques such a s acoustic microscopy,
X - ray microscopy and confocal sca nning laser
microscopy (CSLM) may be considered.
The CSLM technique has a lready been discussed
extensivel y (1, 2, 6, 8, 9). The b asic idea of the
co nfocal principle is that a point in the objec t is
optimally illuminated and also optimally imaged in a
detector pinhole, which leads to an increased resolution and a reduced depth of field because off- focus
levels in the specimen will hardly contribute to the
image. The latter property enables an excellent optical sectioning (i.e., the in - depth imaging of the
structure) and a disturbance - free thre e- dimensional
observation of a non-deformed sample, whic h cannot
be achieved with classical LM, In addition, cbmpu ter
con trol and data acquisition create excell ent possibi lities for image analysis and processing.
Preferably, specimens are studied by fluor escen t
light because the differ e nt structure e lemen t s can
best be distinguished by using spec ifi c fluorochromes.
Also in this case, the point illumination and pinhole
det ec tion system is a great advantage of CSLM over
co nventional LM because it effec tively s uppresses
co ntributions from off- fo c us levels of the object.
The aim of the present con t ribu tion is to pre sen t some of our first results on the observation of
food sys tems by CSLM.
Experimen tal
General
-----s&mpl es were observed by the CSLM developed
by the Department of Electron Microscopy a nd Molecular Cytology, University of Amsterdam. Observation s were made with oil-immersion optics ( N.A. =
1.3) in the reflection I fluorescence mode (1, 2, 8),
allowing visualization of structures to a depth of

Key words: Light microscopy, confocal microscopy,
laser, three-d im e nsional imaging, food microstructure,
margarine,
butter, mayonnaise, cheese, dough ,
dynamic proc esses .
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more than 100 IJffi under the surface of t hick, nondeformed spec im e ns .
Fat spreads
The wat er di s tribution in sp r eads c ontaining 80 %
fat (com me r c ial margarine and butter) wa s inves ti ga ted. Sampl es of the product were t ake n by means
of a sampling tube (Fig . 1) fitted with a s harp edge
to preve nt work ing of the samp le as much as possibl e. When the tube was full , a stop p er was inserted
on the othe r e nd and the sam pl e pushed out. The
material protruding fr om the tube was c ut into s li ces
2 mm thi ck by means of a thin pl a tinum thread (0 . 1
mm) .

co ntrast to fat spread sam ples , the com ponents in
th e continuou s water phase as well as in the interface become fluor escent (or at least more fluore scent
than the di scontinuous dispersed fat phase), In thi s
case, the fluor escen ce of the hydrophilic components
of the Nile Blue dominated that of the lipop hilic
compone nt s , which might be attributed to hin dere d
t ran sport. After s taining , the mayonnai se sample was
p l aced betw een two glass s lides .
Cheese
-A small piece of young Gouda c heese was
placed on a glass s lid e and introdu ced in a 0.01 %
Nile Blue solution to s tain the fat phase or, alternative ly, in 0.01 % s olution of 1-anilino-8-na phthalene
sulfoni c acid (ANS) to stain the prote in .
Ri sing Dough
Io establish the capabilities of confocal instrumentation for a nal yzing dynamic processes in s itu ,
the struc tural changes in rising dough were studied .
To this end, 10 g of wheat flour was mixed with 5
ml of an 0 . 05 % fluorescein isothiocyan ate solution in
water and 0. 5 g of yeast. After kn eadin g for 10 min
an d a first rise for 30 min, a small piece of dough
(thickness 2 mm) was placed betw ee n two gl ass s lides
a nd observed at room t em perature (200C) as a func tion of time.
Result s and Disc u ss ion

Fig. 1. Schemati c drawing of samp ling tub e for
takmg s pec im ens of fat s preads. Material: s tainl ess
stee l; total leng th 80 mm; int e rnal diameter 5 mm .
Two or th ree of such s li ces (diameter = 3 mm)
were place d on a c over glass , which was introdu ced
in to a container containing a fluor esce nt dye. For
a proper observation of the wa t er globules in a fat
spread, a fluor esce r has to b e added either to the oil
or the water phase. Nile Blue i s a suitable dye for
the localization of lipids by fluor esce n ce light microscopy (3, 10). The samples of fa t spreads were
immersed into an aqueous s olution of Nile Blue (0 . 001
% w/ v} for a t leas t 16 hours . This solution con tain s
a number of lipophilic compone nt s, whic h diffu se into
the liquid lipid phase, thus generating a deep yellow
fluorescen ce. The lipid phase becomes fluor esce nt
without altering the structure of the emulsion.
Mayonnaise
In orde r t o ma intain the s tru c tural integrity of
the origina l mayonnaise as much as possible, nine
parts of a mayonnaise s ample were carefull y mixed
with on e p art of a Nil e Blue solution (0.1 %). In

Figs . 2 an d 3 s how the water distribution in
margar ine and butter sam ples, respectively.
The
water dropl e t s appear as dark non - fluor escent structures embedded in a fluorescent fat phase . Because
of the high resolution and high dyna mic range,
s t r uc tures as small as 0 . 3 IJm can b e di sce rn ed without difficulty. This c annot be ac hi ev ed by normal
light microsc opy, a lthough s pec ial imaging modes may
come very c lose (7). The main advantage of CSLM
is that pictures ca n b e t aken at d ifferent depths
without de for mation of the sam pl es. Thi s possibility
to make optical sec tion s along the opt ica l axis is
demonstrated in Fig . 4 for a ma yonnaise sample.
Mayonnais e i s a n oil - in - wat er emu ls ion containing a high perce ntage of oil (80 % or more). This
high volume o f oil cau ses the form ation of a honeycomb s tru c ture of c losely packed and oft en distorted
o il droplet s (the c losest packing of eq ual s phe r es
would lead to a vol ume fr ac tion of 0. 72). The interfac e layers b e tw een the droplet s are imaged wit h a
dime nsion of 0. 2 ~ m. which i s v ery c lose to the
theoretical resolution limit of the in s trume nt.
The depth resolution of the optical sec tioning is
about 0 . 7 J.Jm (2) , so that elements which are that
di s tance apart, are imaged completely inde pendently
of eac h other an d do not interfe r e with adjacen t
image planes. Conseq ue ntly, large oil droplets (size
10 ~m) are detec te d on differen t image planes,
whereas sma ll droplets ( - 1 J,Jm) appear or disappear
from the i mage <Fig. 4).
Figs. 2 and 3. Wa t e r distribution in margarine (Fig.
2) and butter (Fig. 3). Fat phase is fluorescent.
Fig. 4. Mayonnaise obtained at (a) 2, (b) 4, (c) 6,
Brid(d) 8 J.Jffi depth b elow the surface of the sampl e.
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Fig. 5. Gouda cheese . Protein is
stamed. Stereo-micrographs.

~-

Gouda cheese . Fat is
sta1ned. Stereo-micrographs.

Depending on the optical density of the sample,
optical sectioning can b e appli ed up to dep ths of
about 100 J,lm from the surface (2) . A set of images
thus formed at spec ific depths in the specimen can
be used to obtain a stereopair of images. A three dimensional observation of the microstructure requires the s torage of data from such a set of images
and the generation of stereoscopic images by a specific image processing algorithm (2, 9) . Examples of
such s t ereoscopic images are shown in Fig. 5 and 6.
Microstructural studies of cheese by LM and EM
have been the subject of numerous papers (11). The
struc tural matrix in cheese is protein in which the
fat is embedded as a dispersed phase ( 4, 5, 11). The
three - dimensional structures observed by us both
with protein staining (Fig. 5) and fat staining (Fig.
6), perfectly agrees with these earlier observations.
The spatial network of protein strands as well
as the presence of dispersed fat globules a nd agglomerates are c l early observable and give an impres sive image of the internal structure of the c heese.
As already mentioned, this image is obtained without
disruption of struct ure and laborious sample preparation.
Moreover, the whole operation takes only a
few minutes. It is these performance aspec t s which
make the confocal equ ipment well -suit ed to perform

in si tu observations under dynamic conditions: structure formation in different type s of gels, formation
of emulsions, coa lescence phenomena, and effects of
deformation. An example is the study on the kinetics of rising dough, which are related to dough
rheology and baking performance.
When mixing flour and water, starch and proteins are hydrated a nd form a visco - e lastic matrix.
This matrix can occlude air bubbles. In the rising
stage, carbon dioxid e produced by yeast, diffuses to
the air cells occluded during mix ing, thus causing
ex pansion of the dough. Th e four micrographs (Fig.
7a - 7d), obtained 1, 2, 4, and 6 minutes after the
first dough rise, show the results of monitoring this
process by CSLM about 20 J,lm under the surface of
the sam ple. The protein mass and the starch granules generate strong and faint fluorescence respectively. Gas ce ll s are discernable as dark structure s
in the protein matrix. Expansion and coalescence of
gas cell s responsible for dough rise, can also b e
clearly observed. It is possible to do these ti meresolved observat ion s on the internal dough st ructure
without any perceptible photo- bleaching of fluorescer
taking place.
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Fig. 7 Ri sing dough . (a) 1 , (b) 2, (c) 4, and (d) 6 minutes afte r the first dough rise . (p) protein; (s) s tarc h;

(g) gas cell .
Con c luding Remarks
Confocal Sca nning Laser Microscopy appea r s to
be a v e ry usefu l tool in the s tudy of food mic ro struc tu re. An i mproved resolu tion and a high dy namic range ar e no doubt adva ntage s over c onven tion a l light microscopy. In particular, the pos s ibilit y
of optical sec tioning , which a llow s a disturb a nce- free
observa tion of the three-dimensional int ernal s tru cture, offers n ew poss ibilities to do microstructura l
s tudi es of food sys t ems . In addition, CSLI\1 e n ables
the monitoring of dynamic processes as a fun c tion of
variab les su c h as temperature, pH, con ce ntra tion,
pressure , e tc .
In thi s context, the possibility to
study tran sport phenome n a b y fluorochromes or gold - labeled compou nd s - s hould also b e mentioned.
These options may mark a new era in the s tudy of
food produ c t s .
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Di sc u ss ion with Rev ie we r s
S . H. Cohen: Wha t a r e the a dv a nt ages a nd di s advan tages of s t age scanning as co mpare d to las e r
sc anning?
Authors: Advant a ges a nd di sadvant ages of on axi s
s tage scanning ve r su s o ff axi s lase r scanning have
b een discu s se d b y Bra k e nhoff ( 2) a nd Pe t ran e t al. ,
(6). An important as p ec t in favo r of on a xi s stage
sc anning is the s om ewhat highe r a tt ainabl e r e solu tion. On the othe r hand , a sc anning s t age c an be a
nuisa n ce when manipul ation of s pe cim e n is required.
S.H. Cohen:
What is the n ature of the staining
age nt Nlie Blue?
Authors:
Nil e Blue i s a c omme r c ial pre paration ,
c ontammg proton a t e d ox a zine b ase, ox azo n e a nd fre e
oxazine base .
D.P . Dylewski : I as su me that all sam pl es e x am ine d in
thi s paper we r e s tu d ie d a t room t em p erature . Is it
tec hnically fe as ibl e t o appl y a hot or cold s tage to
the CSLM to enhance it s v e r satilit y in s tudying
dynamic processes?
Authors: Ju s t as in nor mal light mic rosc opy it is
poss ible to u se hot or c old s t ages . How ev e r , in c ase
of s tage scanning, dy n a mic e xp er ime nt s or micro ma nipulation can b e troubl esome.
J. 0. Fairing: In Fig. 2 many of the wat e r droplet s
appear elhpti c al rathe r than c irc ular . Is this an
optical effec t or i s it du e to the working of the
s ample?
Authors : We are not quite sure about the cause of
ffi'i'SCiTS tortion. Mos t lik el y it is due t o the working
of the s ampl e . On the othe r ha nd , it ca nnot be ex c lud e d that the sca n spee d s in both direc tions are
no t c ompl e te l y ma tc hed .
J.D. Fai r ing:
a ppe aran ce of
c ompared with
Authors:
We
d iffe renc e .

Wha t is the cau se of the di ffe r e n ce in
the wa t e r - fat int e rface i n Fig . 3 as
Fig . 2?
ca nno t offe r an ex pl an a tion for thi s

J . D. Fairing: In Figs. 5 a n d 6, wha t is the e qui va lent parallax a ngl e of the ster eopa ir?
Author s : The a ngl e i s t e n d egrees.
J.D. Fairing: In Fig . 7, why are the individu a l pixel s
s o clearly vi s ibl e whe n they a r e not seen in the
other microgra phs ? What is the d iffe r e nce in the
instrumental and r ec ording conditions that produces
this undesirabl e e ffec t?
Authors: Thi s e ffec t is cau se d by the i mage format
~256 pix e ls , u sed in produ c in g these pictures.
The s e conditions we r e a ppli ed b ec au se r a pid record in g , of the dynam ic b e hav ior of doug h r ise, was r equired. Norm all y, a for mat of 51 2-5 12 pixels , and
for high r e solution i mages 10 24- 10 24 pix e ls, is used.
J.D. Fairing: \\'h at is the wav e le ngth of the e xciting
radiation m your ex p e rime nt s?
Authors: The wave le ngth of the e x c iting r a diation is

5T2nii1.
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AN ELECTRON SPIN RESONANCI=: STUDY OF STI=:AR IC ACID INTERACTIONS
IN MODEL WHEAT STAR CH AND GLUTEN SYSTEMS

L. E. Pearcel, E. A. Davisl, J. Gordonl, and \ol, G. Miller2

loepartment of Foo d Science and Nutrition, University of Minnesota,
1334 Eckles Av en ue, St . Paul, Minn esota 55108
2oe partm ent of Chemistry, University of Mi nn eso ta, 225 Pleasant Street S. E.,
Minneapo lis , Min nesota 55 455

Introduction
Elect r on spin resonance (~SR) was used to
examine interactions of 16- Doxyl stearic acid in
wheat starch-water (starch:\tlater "'1: 1), vital
wheat gluten-water and glut e n-starch-water model
systems, Immobilization of the 16-0oJtyl stea ri c
acid, shown by b r oad I ine ESR powder pattern s ,
occurred in wheat starch model systems.
rn
contras t to the starc h systems, 16-Doxyl stearic
acid in gluten-water systems did not display
broad I ine powder patterns. Br o adened 3- 1 in e ESR
s p ect r a were recor d ed fo r the gluten-water-160oxyl stearic acid,
Th is result was pr obab l y due
to s pin probe which wa s bound, and spin p robe
wh ic h ~o.~ as in different water microenvironment:s of
the gluten proteins. Stea r ic acid i n teractions
in the starch-water or gluten -wa ter systems were
not c hanged after heati n g from 45-95°C.
Stearic acid interacted with both the starch
a n d gluten components i n gluten-starch -water-16Doxy l stearic acid systems . Stearic a cid binding
with starch in the gluten-starch -water-16-Doxyl
stear i c acid was dependent upon the amount of
gluten in the system. AS inc reased levels of
gluten were incorporated in the system, decreased
binding of stearic acid occurred . Mobility of
the 16-Doxyl stearic acid was inc r eased after the
gluten-starch-water-16 -Do xyl stearic acid systems
were h eated f rom 45-95°C and coo l ed to room
temperature. The stea ric acid interaction s in a
gluten-starch-water-16-Doxy l st eari c acid system
were the sa me whether the ratio of glutenstarch: water-16-Doxyl ste ari c acid wa s I: I or

Elec tr on spin res onance (ESR) spin probe
techniques have been used to examine interactions
of stearic acid with the starch component of
wheat flour ( Pearce et. al., 1985, 1987; Nolan et
at., 1986). In these studies a stab le free
radical containing stearic acid as a fu nctional
group wa s used as a s p in probe. The s pin probes
were added to starch systems and used to mo nitor
i nt eractions between the stearic acid and sta r c h.
Strong bindi ng of the stearic acid spin probes
with starch in aqueou s systems occur r ed at room
t emperature and after heating.
ESR techniques hav e also b ee n used to exa mine
th e interactions of native f l our l ipid s with
g lu ten (Nis hiyama et a!., 1981; Nishiyama and
Kuninori, 1985). By inco r porating stear i c acid
de ri vatives in gluten, defatted gluten, and flour
lipids, Nishiy ama et al. (1981) conc l uded that
strong inte rac t ions were formed bet ween native
flour lipids and protein in hydrated gluten.
In the present study, 16-Doxyl stearic acid
was used as a spin pr obe to examine stearic acid
interactions in a hydrated vital wheat gluten
system at room temperature and after heating from
45-95°C. Starch-water-16- Doxyl s teari c acid
studies were expanded from previou s · st udies
(Pearce et al., 1985, 1987) to i n c lud e
starch: wat e r ra tios equal to 1 :1.
'itearic acid
interactions were then exa mi ned in glute n- starchwa te r-16-Doxy1-stearic acid systems at r oom
tempe ra tu re and after hea ting from 45-95°C .
Materia Is and Methods

1:2.

Gluten starch and solvent
Wheat starch (Aytex P , Genera l "1ills;
11.20%
moisture , 0.25% protein, (0 .1 0% fat, 0.01% ash)
and vital wheat gluten provided by Continenta l
Baking, Ralston Purina (7 . 30 % moisture, 80.20%
protein, 4.00% fat, 0,70% ash) were used, Glass
distilled water was used as the solvent.

Initi a l paper received April 3, 1987
Ma nu sc ript r eceived July 4, 1987
Direc t inquiries t o E . A. Davis

~~

Telephone number: 612 624 1758

KEY WORDS:

The s tru ctur e of the spin probe used,
16-Doxyl st eari c acid (2-(14-carboxytet radecyl) 2-ethy 1-4 ,4 -dimethyl - 3-oxazol id inyloxy) (Aldrich
ChemicaL) is shown in F i g. l. The probe was used
as received and prepared for expe r imenta I st udi es
by slu rr ying i n water at room temperature for
24 h prior to use (water : pro b e we i g h t ra t i o ,.
1 : 0 , 001) . Th e slurried sampl e wa s a dispersion

Electron spin resonance, stearic acid

interactions, wheat starc h, glut en .
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of spin probe in water, as the probe solubility
was much low er than 0.1 wt %.
Starch-water-16-Doxyl stearic acid sample

tensor, given by
b

=

(4 'lf/3)

[ Azz -

!

(Axx + Ayy) j

(2)

preparation
All correlation ti mes were ca l culated assuming
isotropic motion of the ni.troxide. Correlation
times were calculated only when a simple 3-line
spect rum was observed .

Starch was added to the prepar ed water-spin
probe mixture (wate r :spin probe weight ra tio =
1000:1) and slu rried with stirring for 24 hat
r oom temperature (starch:water-spin probe weight
ratio= 1: 1). Samples were transferred
immediately while slurrying into 2 mm glass
tubes. The 2 mm glass tubes wer e put in 5 mm lllMR
tubes for ~:SR analysis,
Gluten-water-16-Doxyl stearic acid sample
preparation
Gluten powder was prepared for spin probe
studies by mixing gluten and the slurried
l6-0oxy1 stearic acid-water mixture
(gluten : water-spin probe weight ratio-= 1:1).
Samples were manually mixed with glass sti rrin g
rods until all of the gluten powder ....as wetted
and formed a cohesive mass. Thin strands of the
gluten sample were wound around the outside of
an empty 2 mm glass tube, The 2 mm g la ss tube
was placed in a 5 mm NMR tube, and the NMR tube
was sea led.
Gluten-starch-water-16-Doxyl stearic acid sample
preparati on
All gluten-starch -wa ter-16-Doxyl stea ri c acid
samples were prepared by first mixing together
starch and gluten powder. The prepared
water-16-Doxyl stearic acid (weight ratio =
1000: l) wa s added to the gluten-starch mixture
and slowly stirred for 24 h at room temperature,
Samples were tra n sferred into 2 mm glass tubes
for ES~ analysis.
Thr ee gluten-starch combinations were
examined resulting in weight ratios of gluten
powder to starch equal to 0.075:1, 0.15:1, and
0. 30: 1 . Water-16-Doxy 1 stearic acid wa s added
that each gluten-starch combination was examined
at gluten-starch:water-16-0oxyl stea ri c acid
weight ratios equa l to 1:1 and 1: 2.
ESR
All sa mpl es were scanned in the ESR
spectrometer immediately after preparation at
room temperature or after heating to the
s pecified temperature for 4 min followed by
quenching to r oom temperature. Temperatures from
45-95°C, at 5° intervals, were utilized, using a
fresh sample at each temperature, Spectra were
collected on a Varian E-3 spectrometer at about
9.33 CHz. No attempt was made to exclude oxygen
from the samples, The spectra were recorded in
the vicinity of 3.2 kG with microwave power low
enough to avoid any saturation. Co r relation
times (T) were calculated for three line spectra
(Fig. 2) based on the Kivelson theory (Kivelson,
1960) using peak to peak line height (h) ratio s
of first derivative spec tra and the line width of
the cent ral line T2(0) -1 (Stone et al., 1965).
Thus:
T

=

4[(mt)' •(~~~n· -

2]

b-2 [ T2(0)] -J

~esuJts

and Discussion

Starch -wa ter-16-Doxyl ~acid
An ESR spectrum for a saturated solution of
water-16 - 0oxyl stearic acid, free of
non-dissolved spin probe is shown in Fig. 3a.
The free spin probe in water had a sharp 3-line
spectrum with a rotational correlation time ( T )
equal to 1 x 10-10 sec. Stearic acid-starch
interact i ons were examined in earlier studies for
systems having a starch:water-16-0oxyl stearic
acid weight ratio equal to 1:2 (Pearce et al.,
1985, 1987). Because glute n systems were
examined at gluten:waler-16-Doxyl stearic acid
weight ratios equal to l: 1, a starch system with
a starch: lJater-16-0oxyl stearic acid weight ratio
equal to 1:1 was studied for baseline data.
Stearic acid spin probes were highly immobi li zed
in wheat starch-water-16-Doxyl stearic acid
systems (starch:water-16-Doxyl-stearic acid =
1: 1) at room temperature as shown by the broad
line po wd er pattern recorded in Fig. 3b. The
stea ric acid spin probe remain e d highly
immobilized after heating at 95°C and coo ling
(Fig. 3c) with only small changes in the fast
motion component of the low field line . ES~
spectra for samples that had undergone heating
45-90°C wHe similar to Figs. 3b and 3c. The
spectra for the 1:1 starch-wa ter-16-Doxyl stearic
acid systems were similar to those o£ earlier
stu dies (Pearce et al., 1985, 1987) for
starch-water-16-0oxy 1 stearic acid systems having
a sta rch:water-16 -Doxyl stearic acid weight ratio
equa l to 1:2. Thus, the general pattern of
immobilization was not a ltered by a change in the
wa ter or spin probe conce n trations used in these
systems.
Cluten-water-16-Doxyl stearic acid
ESR spectra for gluten-water-16-Doxyl stearic
acid at room temperature and for samples that had
undergone heating at 95°C are shown in Fig . 4.
Spectra fo r these samp les were broadened 3-line
spect ra with apparent rotational correlation
ti mes of T"" 2 x 10-9 sec (Fig. 4a) and T :r 1 x
to-9 sec (Fig. 4b), The build-up of intensity to
the left of the low field maximum is indicative
of a distribution of motional times and may even
ind i c ate a contribution from a small amount of
complet ely immobilized probe. Composite spectra
such as those in Pig. 4 possibly could result
from a combination of 16-Doxy l stearic acid which
is bound • and that which is in different water
microenv i ro nments of the gluten proteins.
However, it is evident based on the absence of a
low and high field extrema (see for example Fig.
3b), that a majority of the spin pr o be stearic
acid molecules are not totally immobilized. The
spectrum recorded for the gluten-water-16-Doxy l
stearic acid system after heating at 95°C (Fig .

(J)

where h(Hn) are the l ine heights corresponding to
the nitrogen nu clear spin state (Mn = +1, 0, -1)
and b is a constant determined from the
components of the electron nuclear hyperfine
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~·

Structure of 16-Doxy l stearic acid.
~·

Typical 3-1 ine ESR s pectrum ; h is peak
to peak li ne height , h(O) is the central I ine,
h(l) is the low field line and h(-1) is the high
fie ld I i ne .

t--t

lO G

~·

ESR spectra for:
(a) water-16-Doxy1
steadc acid;
(b) wheat sta r c h-water-16-0oxyl
stearic acid at room te mperature;
(c) wheat
starch-water-16-Doxyl stearic acid after heating
at 95°C and cooling to room temperature.
The
arrow suggests a minor fast motion component in
the low field line.

~·

ESR spectra for g lu ten-wa ter- 16-Do xyl
stea ri c acid:
{a) at room temperature;
(b)
a ft er heating at 95 °C and cool in g to room
te mperature .

4b) was not different from the room t emperature
spect ru m as shown by their s imilar lin e s hape and
r o tati o nal co rrelati on time s . Alth oug h the ESR
s pe ct ra did not ch a nge a fter heating at any
temperature from 45-95° C , it is possible that
small cha nges did occur in the g lu ten system that
wer e not dif f erentiated in the comp os ite spect ra.
Gluten-starc h-wa te r-16-Doxyl stearic acid
ESR spec tra for the gluten-starc h-water-16Do xyl stearic acid having a g lu ten:starch weig ht
ra t io e qual to 0.15:1 and a g lu ten-starc h:wa te r16-Doxy l stearic acid ra t i o equal to 1:1 ar e
shown in Fig. 5. The s pect ra in Fig. 5 show t he
stea ri c aci d interacted with both the s tar c h and
g lu te n i n a combin ed system. The spectrum for
t he samp le at room temperature (Fig. Sa) is a
composite spect rum having compone nt s of the b r oad
line powder pattern of starch-water-16-Doxyl
s tearic acid ( Fig. 3) and t h e broadened 3-line
spectrum of glut e n-water-16-Doxyl stearic acid
( Fi g . 4). Th e low field line for the glutenstarch -water-16-Doxyl stearic acid (Fig. Sa)
consists of an immob i lized, slow motion component
(A) and a small, faster motion comp onent (B) .
The high field line is split into three
components:
an immobilized, s low motion
comp o nent (F), and two faster motion components
(D) and (E).
Composi t e spect r a si mila r to Fig.
Sa having immobilized, parti ally i mmobilized and

~·

ESR s pectra recorded at room
temperature foe samples with gluten:starch weight
ratios equal to 0.15 : 1 and gluten- starch:water16-0oxyl stearic acid wei ght ratios equal to 1: 1
(a) prior to heating;
(b) after heating at 60°C;
(c) after heating at 95°C , A and F indicate t he
strongly immobilized component ; B, D, and E the
faster motion, unbound componen ts;
C the cent r al
1 ine .
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although the starch component of the system has
the capability of binding almost all of the
16-Doxyl stearic acid in a starch-water-16-Doxyl
stearic acid system (Figs. 3b and 3c), the
spectra for the gluten-starch-water-16-Doxyl
stearic acid systems show t h e extent of starch16-Doxyl stearic acid interactions that will
occur are dependent upon the amount of gluten in
the combined system.
The 16-Doxyl stearic acid became more mobile
after heating at 4S-95°C in the systems that had
a gluten:starch weight ratio equal to either
0,075:1 or 0.30:1. The changes after heating
were similar to the trends displayed by the
0,15:1 = gluten:starch samples in Fig. 5.
Amplitudes of the fast motion components
increased as the samp l e was heated at higher
temperatures. The decreased binding of 16-Doxyl
stearic acid after heating could possibly be due
to several factors. Conformational changes of
the gluten proteins during heating could alter
16-Doxyl stearic acid interactions with the
proteins or lipids associated with the proteins.
Additionally as protein conformation changed with
heating and more hydrophobic sites in the prate in
were exposed (Pearce et al., unpublished data) ,
it is possible that 16-Doxyl stearic acid bound
to starch pdor to heating but which was shown to
become unbound at elevated temperatures (Pearce
et al, , 1987) preferential l y partition ed into the
gluten component of the system.
An ESR spectrum for an unheated star.-chgluten-water-16-Doxyl stearic acid system
containi ng a weight ra tio of gluten:starch equa l
to O.IS:l and having a ratio of glutenstarch : water-16-Doxyl steadc a c id equal to 1:2
is shown i n Fig. 6c. The spectrum is similar to
that of the O.IS:l ""gluten:starch sample which
had a ratio of gluten-star.-ch:water-16-Doxyl
stearic acid equal to 1:1 (Fig, Sa) . The
similarity of the spectra shows that the
proportions of the 16-Doxyl stearic acid that
partition and interact with either t he gluten or
starch component are not dependent upon the water
and 16-Doxyl stearic acid concentrations in these
t wo systems. Spect ra l line shape also wa s not
altered in either the 0.07S:l or 0.30:1 =
gluten:starch weight ratio samples when the ratio
of gluten-starch:water-16-Doxy l stearic acid was
increased from 1: l to l: 2.

~·

ESR spectra recor ded for unheated
samples with weight ratio s equal to:
(a)
gluten : starch • 0.07S:l (gluten-starch:water16- Doxyl stearic acid"' 1:1); (b) gluten:star.-ch
... 0.30: l (gluten-starch :water-16-Doxyl stearic
acid • 1:1); (c) gluten:starch • 0.1S :l (glutenstarch :wa ter.- -16-Doxyl stearic acid • 1 : 2).

free, unbound componen ts have been reported in
biomedical studies (Piette and Hsia, 1979).
After heating at 60 and 9S°C (Figs . Sb and Sc,
respectively) the B component of the spectrum
becomes more pronounced indicating that there was
decreased binding of 16-Doxyl stearic acid,
Amplitudes of the faster mot ion components
increased as t h e heating temperatures inc rea sed
fro m 4S-9S°C.
The partitioning and interactions of 16-Doxyl
stearic acid in gluten-star.-ch-water-16-Doxyl
stearic acid systems were affected by the amount
of gluten in the system. li.:SR spectra for systems
wi th a gluten-starc h :water- 16-Doxyl stearic acid
weight ratio equal to 1:1 but containing either
one half or twice the amount of gluten from that
of the system having a gluten:starch weight ratio
equal to 0.15:1 are shown in Fig. 6 (Figs. 6a and
6b, respectively), When the weight ratio of
glute n: starch in the system was 0.07S : 1, the ES~
spectrum (Fig, 6a) was more similar to the broad
line powder pattern of the starch-water-16-Doxyl
stearic acid systems in Figs. 3b and 3c. ~:SR
spectra for systems having a gluten:starch weight
r.-atio equal to 0.30:1 (Fig. 6b) were composite
spectra with lines from bound stearic acid (A and
F) and free, unbound stearic acid (Band D), The
proportion of unbound 16-Doxyl stearic acid in
the 0,30:1 • gluten:starch sample (Fig. 6b) was,
however, increased from that of the O.lS:l =
gluten:starch sample (Fig. Sa). The inc r ease in
the faster motion components of the 0,30:1"'
gluten: starch sample can be shown by the
increased ratio of the low field fast motion line
height ( B) to the center line height (C) from
that of the 0.15:1 = gluten:starch samp le . The
ratio of the low field fast motion line height to
the center line increased from 0.32 fo r the
0.15:1 a gluten:starch sample at room temperature
(Fig. Sa) to 0.41 for the 0,30 : 1 • gluten:starch
sample (Fig . 6b). The decreased binding of
16-Doxy l stearic acid in the 0.30: l •
gluten:starch sample was also reflected by the
increased amplitude of the high field fast motion
line (D) and diminution of the line from
iuunobili:ted 16-Doxyl stearic acid (F). Thus,

Cone 1us ions
The interactions of 16-Doxyl stearic acid
that occur with wheat sta rch or gluten depend
upon whether the 16-Doxyl stearic acid is
examined in starch-water, gluten-water or
gluten- starch-water systems.
In starch-water
systems , 16-Doxyl stearic acid is bound at room
temp erature and after subsequent heating and
cooling . Broadened J-line ESR spectr a were
recorded at room temperature and after heating
fo r gluten-water-16-0oxyl stearic acid and were a
result of different types of stearic acid-gluten
interactions occurring within the system.
Specific stearic acid-gluten interactions coul d
not be identified due to the composite nature of
t h e spectra for gluten-water-16-Doxyl stearic
acid.
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Gluten-starch-water-16-Doxyl stearic acid
systems sho...,.ed that less stearic acid binding
with starch occurs when gluten is incorporated in
the system. As the proportion of gluten in the
system i n c rea ses , stearic acid binding with
starch decr eases. Stearic acid binding was
further diminished after gluten-starch-water-16Doxyl stearic acid systems were heated and
cooled. Stearic acid interactions in the
combined gluten-starch-water-16-Doxyl stearic
acid systems were not different for glutenstarch:watet"-16-Doxyl stearic acid ratios of l : 1
or 1:2.

difficult since it is hard to discinguish between
anisotropic and isotropic motionally slowed
spectra or between anisotropic motionally slowed
spectra and composite spectra due to
superposition of motionally slowed and motionally
narrowed ESR spectra. Thus, it would b e
difficult to determine which theories and
equations should be used to calculate true
correlation times (Miller WG . 1979. ~pin-labeled
synthetic polymers, tn: Spin Labeling II. Theory
and Applications, LJ Berliner (ed.), Academic
Press, New York, 173-221).
D.N. Holcomb:
Is it known how the spin probe,
16-Doxyl stearic acid, binds to gluten and
starc h? Could binding of the probe alter the
gluten and starch structures?
Authors:
The binding of 16-Doxyl stearic acid to
gluten and starch can be through the hydrocarbon
or hydroxyl group of the stearic acid.
lt is not
1 ikely to be binding through the nitroxide moiety
(Hiller WG. 1979. Spin-labeled synthet ic
polymers, In: Spin Labeling II. Theo ry and
Applications, LJ Berliner (ed.), Academic Press,
New York, 173-221; Liang TH, Dickenson PH,
Miller WG. 1980 . Conformation and mobility of
polymers adsorbed on oxide surfaces by ESR
spectroscopy, In: Polymer Characterization by ESR:
and NMR, AE Woodward and FA Bovey (eds.), ACS
Sym posium Series 142, American Chemical Society,
Washington, D.C., 3-18). Based upon the
comparison of ESR spectra for wheat starch-water5-Doxyl stearic acid and wheat starch-watermethyl-5-Doxyl stearate, a probe which had the
carboxyl group replaced by s methyl ester, it was
conc luded the probe must be binding through the
hydrocarbon portion of the stearic acid (Pearce
et al., 1987). Amylopectin and, to a greate r
extent, amylose components of the s tar c h granule
in stu dies using waxy and high amylose starches
have been shown to bind 16-Doxyl stearic acid
(Pearce et al., 1987). The results of t hi s study
cannot answer the question of whether probe
binding alters the gluten and starch structures.
The potential for structure alteration is present
due to the hydrophilic and hydrophobic properties
of t he gluten-starch system. However,
hydrophobic interactions can be weak o r surface
related, and in this case are not t houg ht to have
any significant effect on structure.
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R.C. Hoseney
How were the gluten-starch-water16-Doxyl stearic acid samples prepared?
Authors: Glute n- starch-water-16-Doxyl stearic
acid samples were prepared by weighing sample
constituents into 20 ml beakers and magnetically
stirring very slowly for 24 h. the sa mple size
wa s large enough so that there was little
headspace for sample moisture loss due to
condensation on the sides of the beaker. The
beaker was sealed with four layers of plastic
wrap and two layers of parafi lm to prevent
evaporation.

Discuss ion with Reviewers

J. Nishiyama: Why is there no numerical analysis
for the broad line powder pattern E<;R spectra?
Authors: The gluten and starch systems we
examined wer e not purified systems since we
wanted to look at intact systems , Detailed
numerical da t a could possibly be given for these
spectra only after extensiv e studies of simple
model systems . Additionally, calculation of
correlation cimes for powder pattern spectra is

R. C. ~oseney :
How do you envision that gluten,
whi ch apparently only interacts slightly with the
probe, interferes with the binding of the probe
with starch?
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GLUTEN· STARCH· WATER· 16·DOXYL STEA.RlC A.ClO

UNHEATED

COOLED

Authors: A possible explanati on for the reduced
probe binding with starch observed in the
combined gluten -s t arch syst ems is shown in the
above figure . The majority of the probe in the
unheated system is bound to the starch.
o\ t
elevated temperatures during heating the probe i s
released from the sta r ch (Pearce et al, 1987) .
At temp e ra tures where the probe is released from
starch, ESR spectra from gluten-water-TeMPO
systems have indicated that conformational
changes are occurring in the protein and more
hyd r ophobic r egions of the pr otein are exposed .
It is possible that upon cooling, increased
amounts of t h e p l." obe preferentially intel"act wit h
the newly exposed hydrophobi c regions of the
gluten pr oteins .
R.C. Hoseney: Wha t is the s i gnificance of your
finding s?
Autho!."s: Th e implications of these findings are
that comp et i t i on may exist betw een product
i n gredients for interactions with stea ri c acid
emulsifiers in a batter or dough. The data also
s how t hat t he dynami cs of stearic acid
inte ra ctions with starch and gluten cha n ge as a
product fo rmulation is hea t ed and then cooled .
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Introductio n
Imbibition is a critical phase in germ ination and processing of legume seeds because cellular disruption during imbibition may influence
seedling vigor and processing quality
Cellular
disruption of cotyledonary surfaces of beans
(Phaseolus vulgaris L.) and peas (Pisum sacivum
L.) and the cellular contents released during
imbibition were examined with scanning electron
microscopy.
Two types of c e llular disruption
we r e observed during imbibition: ruptures and
fractures.
Individual ce lls and small groups of
cells on t h e surfnces of cotyledons ruptured
after immersion in water.
Ruptured cel ls h ad
flaps of cell walls which remained attach ed to
intact portions of cell walls.
Fractured cells
sp l it in half, and remnant portions of cell walls
were
completely
separated
from
each
other.
Disrupted cells on the interior surfaces of
blister cavities were of the fractured type.
Materials
released
from
cotyledonary
tissues consisted of both dense aggregates of
protein bodie s and a dispersed phase of protoplasm.
In some cases, protoplasm and protein
bodies
on
cotyledonary
surfaces
were
found
adjacent to single cell ruptures and, in others,
the sites of losses were not found.
The presence
of protoplasm and protein bodies and abs ence of
sites for their release indicate an additions 1
mechanism other than fracture or rupture may
contribute co losses of intrace ll ular substances
during imbibition.

Legwne seeds and excised coty ledons which
are soaked i n water or sown in wet soil release
intracellular substances in to the surrounding
water (Schroth and Cook, 1964; Duke and Kakefuda,
1981, Duke et al., 1983, Spaeth, 1987),
Substantial quantities of nutrients can be lost from
seeds during soaking, e.g., 60% of K content in
24 h (Simon, 1984).
In crop production, losses
of intracel l ular materials are associated with
poor seed l ing vigor and stand (Larson, 1968,
Powell and Matthews, 1978) be cause cells are
ruptured and storage reserves are not nvailable
for growth of seedlings
Loss of intracell ular
substances
is also associated with increased
p athogen growth (Sch roth and Cook, 1964) because
nutrient sources b ecome available to soil- borne
pathogens.
The loss of in t ra cellular substances has
been attributed to large scale disruption of
tissues manifested as transverse cracks (Morris
et. al., 19 70), displacement of tissue strips
(Duke and Kakefuda, 1981), and blistering of
embryonic axes (Dunn et al., 1980) and cotyledonary surfaces (Spaeth, 1987).
Multicellular
blist:ers on surfaces of bean cotyledons ranged
from less than 0. 4 to more than 0. 8 mm in
diameter (Spaeth,
1987).
One mechanism for
release of intracellular materials from blisters
is
pressure-driven
extrusion
(Spaeth ,
1987).
Partially hydrated protoplasm,
protein bodies
and, in some cases , starch grains (granules)
exhibit charact eris tics of a viscous fluid which
is extru d e d as streams of material t h rough irregul ar orific es in blis ters.
Solute leakage from cotyledonary tissue is
not always accompanied by visible tissue disruption.
While cotyledons of one bean cultivar
produced surface blisters, a second bean cultivar
and two pea cult i vars extruded small diameter
streams of intracellular material but did not
form visible blisters (Spaeth, 1987).
Seeds with
intact seed coats may leak substantial amounts of
intracellular substances, yet not exhibit visib le
tissue disrup tion (Simon and Raja Harun, 1972,
Duke and Kake f uda, 1981, Simon,
1984).
The
existence of cellular ruptures has been inferred
from the appearance of intracellu l ar substances,
e. g. ot·ganelle specific enzymatic marke ·cs (Duke
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Manuscr ip t rec eived October 16, 1987
Direc t inquiries to S.C . Spaeth
Telephone number: 509 335-952 1

Key wo rd s: beans, Phaseolus vulgaris (L), peas,
Pisum sacivum (L), cellula r rupture, protoplasm
extrusion , nutrient loss, solute leakage, soaking
injury, imbibitional stress, imbibitional injury,
protein bodies.
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and Kakefuda, 1981), which are too large for
diffusion through intact membranes.
Evans Blue
stain has
been used
to
demonstrate
plasma
membrane rupture during imbibition (Duke and
Kakefuda, 1981; Schoetcle and Leopold, 1984).
Detailed microscopic studies of cell rupture
would help to elucidate mechanisms of solute
leakage and its role in reduced legume seed
viability.
The first objective of this research was to
examine cellular disruption on a scale smaller
than transverse cracks,
crescent cracks,
and
blisters.
The second and third objectives were
to identify various types of cellular di sruption,
and to identify some materials lo st from cotyle·
dons
during
imbibition
Scanning
electron
microscopy (SEM) was used co examine excised
cotyledons a n d protoplasm lost during imbibition.

dehydrated in a graded ethanol series (30 to
100%) (Hughes and Swanson, 1985).
Fixed samples
were dried in carbon dioxide with a critical
point drier (Bomar SPC·l500) 1 , sputter coated
with gold (Hummer·Technics) 1 •
All samples were
viewed and photographed at: 20 kV with an ETEC U ·1
Scanning Electron Hicroscope 1 •

In addition to the large scale cracking and
multicellular
blisters
previously
reported,
epidermal
cells
of
legume
cotyle dons
were
ruptured during imbibition.
Areas of Apollo bean
cotyledons which were not blistered exhibited
ruptured cells and the contents from the ruptured
cells on adjacent unblistered tissue (Fig
1).
Only a few of the total number of cells on the
surface were ruptured (Fig. l).
Holes consiste d
of individual or small groups of ruptured cells.
Flaps of cell walls, which were formed by the
rupture process, were attached to remaining walls
of ruptured cells.
Cell contents released from
cells did not contain recognizable constituents
(Fig. 1).
Cell contents from ruptures did not
form extrusion streams as did cell contents from
blisters (Spaeth, 1987).
The scale of individual cell rupture was
too small to be seen without SEM, therefore, it
was not possible to use light microscopy to
directly confirm that individual cells or small
groups of cells ruptured during soaki ng
To

Materials and Methods
Seeds of two bean cult:ivars
(Phaseolus
vulgaris L. cv Apollo, a snap bean, and cv Royal
Red Mexican, a dry bean) and two pea cultivars
(Plsum sativum L. cv OSU 605, a wrinkled pea, and
cv Carfield 81, a round pea) were obtained from
local commercial or research sources.
Seeds were
equilibrated to constant water content over a
saturated solution of potassium carbonate.
Water
content of seeds was determined by oven drying at
10s•c for 48 h.
Initial water contents of bean
and pea cotyledons were 11 and 10% of seed dry
weight, respectively.
Coats of dry seeds were carefully removed
with a scalpel.
Individua l
cotyledons were
immersed in 6 ml of distilled, deionized water at
24•c.
Coty l edons and extrusion streams from
cotyledons were observed with a dissecting micro ·
scope during imbibition.
Cotyledons for SEH were prepared in several
different ways.
To prepare unfixed samples for
SEH, some cotyledons were simply excised from dry
seeds.
Other cotyledons were excised, soaked in
water for 30 min, blotted to remove excess water,
and then allowed to dry at ambient temperature
and humidity.
In one set of Apollo bean cotyle·
dons, a droplet of water was applied to abaxial
surfaces.
After the water was absorbed into the
cotyledon or evaporated, the sample was reequili·
brated at ambient relative humidity.
Another set
of bean cotyle dons was fractured dry.
Fracture
surfaces were washed free of protoplasm a nd
cellular inclusions as described by Wo lf and
Baker (1980),
Dry tissues of all unfixed samples
were sputter coate d with gold (Hummer·Technics) 1 •
To prepare fixed samples for SEM, cotyle·
dons were immersed in 6 ml distilled, deionized
water
unt:il
blisters
extrusion
appeared (20 min).
To preserve the structure of
extruded
protoplasm
during
fixation,
a
glutaraldehyde :water solution (25%) was gently
added to Petri plates containing t:he soaking
seed, and mixed with the soak water to create a
5% glutaraldehyde solution for fixing tissue and
extruded protoplasm.
Thirty min after addition
of the glutara ldehyde solut i on, cotyledons were
rinsed and transferred to a 2% solution of osmium
tetroxide in water for 30 min.
Samples were

£.i&..........l.

Ruptured cells (R) with wall flaps (F)
and cell contents (C) on t h e surface of Apollo
snap·bean cotyledons soaked prior to fixation
Bar - 10 pm.
.E.i&...,___,f. Surface cells of Apollo bean cotyledons
which had single drops of water applied to
cotyledonary surfaces.
Low magnification (2a)
shows dry (untreated) tissue (D), perimeter of
the treated area (P), ruptured cells (R), unrup·
tured cells
(U),
cell contents
(C),
smooth
surface (S) with fissures (f).
Bar - 100 ~m.
Same seed at higher magnification (2b) shows
ruptured cells
(R),
cell contents
(C),
and
fissures (F) in the epidermal surface covered
with a film of cell contents.
Bar - 10 pm.

.Eig,_,_l. Ruptured cells (R) in OSU 605 pea cotyledons which were soaked but not fixed.
Wall flaps
(F) were attached to undisturbed portions of
ruptured cell wall s.
Cotyledon surface was free
of cellular contents.
Bar- 10 pm.
~·

Fracture surfaces of transverse cracks
through bean cotyledons.
Dry fracture without
washing surface (4a) shows intercellular spaces
(1), cell walls (\.l), starch grains (S) imbedded
in
protoplasm
and
protein
bodies
(PB).
Bar - 50 pm.
Surface, after washing to remove
protoplasm and cellular inclusions (4b), shows
primarily empty cell walls (E), with few starch
grains (S) on the surface, and some starch grains
trapped (T) in a cell with a small hole in it.
Bar - 100 pm
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ensure that ruptures of individual cells were not
caused by glutaraldehyde induced modification of
cell walls, cotyledons were prepared for SEM by
applying isolated drops of water to cotyledonary
surfaces and allowing the drops to be absorbed or
evaporate.
This
treatment
also
partially
simulated the wetting and drying cycles employed
by Powell and Matthews (1981)
Cells on the surfaces of Apollo cotyledons
ruptured and lost intracellular materials when
drops of water were applied to surfaces (Fig
2a).
Spots with irregular outlines were formed
where water drops lay on cotyledon surfaces (Fig
2a).
The rough-textured areas around spots did
not come into contact with wate r.
Three zones
were observed where water was applied, a rough
center with rup tured cells and cellular contents,
a bumpy surface without ruptures, and a perimeter
which was smooth and cracked (Fig. 2a).
Cellular ruptures and intracellular materials were clearly visible at higher magnification
(Fig.
2b).
The
intracellular materials
on
unfixed cotyledons were more consolidated than
that on fixed cotyledons, but constituents were
no more recognizable.
Air-drying of soaked
tissues without fixation resulted in formation of
cracks and other predictable artifacts.
Thin
layers or films
of material covered entire
cotyledonary surfaces (Fig . 2a, 2b).
Films were
probably mixtures of soluble and insoluble components of cell contents which dried in a thin
coating
Cracks in the film and cell walls
probably formed during dehydration of the tissue .
Dry films were similar to films found on particles of soy- flour which were moistened with
buffer and dried (Wolf and Baker, 1972)
When cotyledons of OSU 605, a wrinkled pea,
were soaked in water, blotted dry, and allowed to
dry in air, isolated cells on the surface also
ruptured ( Fig. 3)
Remnant flaps of cell walls
hung over the empty cells
Cotyledon surfaces
immersed in large quantities of water and not
subsequently fixed lacked protoplasm and inclusions (Fig. 3).
Protoplasm and inclusions, which
in
other
cases
were
fixed
to
cotyledonary
surfaces or restricted to small volwnes of water
in drops, apparently were washed away in the
l arger quantity of soak water.
Ruptured bean and pea cells contrasted with
another form of damage to cotyledonary tissues,
which also contributed to losses of intracellular
materials
When cotyledonary tissues of beans
fracture as a result of tensile stress, e.g.,
crack transversely, cells in the fracture plane
split completely apar t
(Morris et al.,
1970,
Spaeth, 1987) (Fig. 4a) and parts of cell walls
separated completely.
When protoplasm, protein
bodies and starch grains were washed out of
fractured cells , incomplete cell wall fragments
comprised most of the surface (Fig. 4b)
When
holes in cell walls were small, starch grains
were retained in fractured cells while protein
bodies and pro toplasm were washed out (Fig. 4b).
Cells
at
fracture
surfaces did not exhibit
remnant flaps characteristic of ruptured cells.
Blister
separation
surfaces
(Fig.
5),
were
similar to tensile fracture surfaces (Morris et
al., 1970, Spaeth, 1987).
The shape of OSU 605 (wrinkled pea) cotyle·

dons differed from those of bean and round pea
Before imbibition, small, isolated particles of
intracellular material were observed on
the
wrinkled surfaces of OSU 605 cotyledons (Fig.
6a).
Epidermal cells gave the surface a rough
texture
During imbibition and fixation, t h e
wrinkles changed to creases, cotyledonary surfaces became smoother, and large quantities of
flecks appeared on the central portion of the
cotyledon, near the creases (Fig. 6b)
Blisters
were not found on the surfaces of pea cotyledons
as in earlier results (Spaeth, 1987)
Creases in surfaces of OSU 605 cotyledons
were filled with dense particles and surfaces
adjacent to the creases were covered with dense
particles and patches of less dense materia l
(Fig. 6c). Large numbers of single cell ruptures
or small tissue ruptures were not found
Isolated epidermal cells on cotyledonary
surfaces of OSU 605 (Fig. 6d) were ruptured
Flaps of cell walls remained attached to the main
portion of the wall
Protop lasm released from
ruptured cells was in two forms
Dense particles
were roughly spherical or irregular in shape and
ranged from l to 10 J-Im in effective diameter
(Fig.
6d).
The disperse phase of cellular
contents often covered large areas of cotyledonary surfaces and consisted of small particles
and a network of interconnecting material (Fig
6d).
Particle size distribution of the dispersed
phase was similar to the granular cytoplasm found
in un-aged dry-bean cells (Varriano-Marston and
Jackson, 1981).
Dense par t icles from cotyledonary t issues
were aggregates of spheroidal particles which
ranged from l to 2 Jlm in effective diameters
(Fig
6d, 7).
Spheroidal particles
included
protein bodies which were a major component of
materials from ruptured cells
Although some
protoplasm and protein bodies
released
from
cotyledonary tissues clearly came from single

.Ei...g_.______
Fracture surface of blister top after
removal from Apollo bean cotyledon showing empty
cell
walls
(E)
and
starch
grains
(S).
Bar - 100 jJm.
f.i.g_,____Q.
Release of cell contents from OSU 605, a
wrinkled pea.
Unsoaked and unf i xed cotyledon
(6a) shows wrinkles (W) and material (M) on the
surface.
Bar - 1 mm
Soaked and fixed cotyledon
(6b) shows creases (Cr) and large quantities of
material (M) on the surface.
Bar - l mm
Higher
magnification of same cotyledon soaked and fixed
(6c) with a crease (Cr) in surface and large
quantities of cell contents (C) on the surface
and large quantities of dense material (M) in the
crease
Bar - 100 Jlm.
Highest magnification of
soaked and fixed cotyledonary surface (6d) showing ruptured cells (R) with cell wall flaps (F)
and cell contents including a disperse phase of
protoplasm
(Pr)
and
protein
bodies
(PB).
Bar - 100 Jlm.
E.ig_,__2. Protein bodies (PB) and disperse phase of
protoplasm ( Pr) on surfaces of soaked and fixed
samples of Royal Red Mexican bean with adjacent
cells not ruptured. Bar = 10 t-tm
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cell ruptures (Fig. 6d), substantial quantities
of protoplasm and protein bodies appeared on
cotyledonary surfaces where cell ruptures were
no t observed (Fig. 6c,d, 7).
A summary indicates the absence or pres·
ence, and frequency of various features observed
in each of the cultivars (Table 1).
Note that
Royal Red Mexican and Garfield 81 had relatively
few ruptures and substantial quantities of proto·
plasm and protein bodies on the surfaces of
cotyledons after imbibition.

Table l.
Frequency of various features of injury
and losses of in tracellular substances from bean
(Apo l lo and Royal Red Mexican) and pea (OSU 60S
and Garfield 81) cultivars during imbibi t ion.

Crop
Cultivar:
Type:

Beans
Peas
Apollo RRM OSU 605 Garf ield
~
Qu Wrinkled Round

Feature:
Transverse Cracks
Blisters
Cell Ruptures
Extrusion streams
In soak water (LM) +++
On cotyledons (SEM) +++
Protoplasm
Protein bodies

Micrographs of cell ruptures (Figs. 1·3,6d)
corroborated histochemical evidence for single
cell ruptures (Duke and Kakefuda, 1981).
Hypo·
theses about cellular rupture with complete loss
of cell contents (Simon, 1984) were partially
confirmed; however, cellular rupture demonstrated
here was more deleterious than the membrane
rupture that Simon ( 1984) and Powell and Matthews
(1981) discuss.
Cell walls as well as plasma
membranes were ruptured during imbibition.
Duke
et al. (1983) suggested that cells might be able
to
repair
mild cases
of membrane
rupture.
Rupture of bean and pea cell walls during imbibition (Figs. 1-3,6d) was sufficien t to preclude
recovery or repair.
However, it must be remembered that seed coats were not present to modify
water uptake
Cellular ruptures were observed in cotyledons which were imbibed but not fixed, and to a
lesser extent in cotyledons which were fixed in
aqueous solutions
Therefore, ruptures in fixed
cotyledons were caused by imbibition of water
from the fixation solution and were not caused by
glutaraldehyde in the fixation processes.
Fixation with glutaraldehyde was
useful because
protoplasm and protein bodies were retained on
coty ledonary surfaces which otherwise would have
been lost in the soak water.
Large holes were produced in walls of
ruptured cells, but flaps of cell walls w(!re
attached to the undisturbed portions of cell
walls (Fig. 1,3,6d).
Ruptures appeared to be
cases
of
plasmoptysis,
osmotically
induced
rupture of cells.
The presence of cell wall
flaps opening to the surface was characteristic
of wall rupture and explosive release of the
contents.
Rupture of single cells contrasted wi th
another process by which intracellular materials
were completely lost from cotyledonary cells ,
cell fracture in the plane of transverse cracks.
Fractures of cells in transverse cracks are
caused by tensile stresses in dry tissue (Spaeth ,
1986, 1987) which split cells through the middle
and leave empty cell walls after protoplasm and
inclusion s wash out (Morris et al., 1970, Wolf
and Saker, 1980)
Walls of cells in the fracture
plane are split in half and no longer attached to
one
another.
Fractured ce l ls
lacked
flap
remnants of cell wall (Fig. 4b).
Separation
surfaces in blister cavities were similar to
fracture
surfaces
associated with
transverse
cracks (Fig. 5).
The similarity indicates that
tensi l e stresses were probab ly important in the
formation of blisters.
Holes in epidermal cells

t + - presence and frequency, - - absence.
of soybean cotyledons and interio r surfaces of
seed coats observed by Yaklich et al.
(1984)
apparently were formed by a different ( unidentified) process.
In
contrast
to
the
extrusion
streams
observed on fixed Apollo bean cotyle dons and in
water surrounding unfixed OSU 605 pea cotyledons
(Spaeth, 1987), protoplasm and protein bodies
from fixed OSU 605 cotyledons did not form extrusion streams.
The disperse phase released from
ruptures of OSU 605 cells was protoplasm fixed by
the glutaraldehyde solution.
Protoplasm quickly
dispersed into soak water which did not contain
glutaraldehyde.
Rapid dispersion of protoplasm
will make it difficult to determine to what
extent fracture, rup ture, extr u sion, and diffusion each contribute to the aggregate quantities
of material released from cotyledons.
The intracellular material observed on the
surfaces of Royal Red Mexican, OSU 605, and
Garfield 81 but no t associated with cellular
ruptures was also not in the form of extrusion
streams.
The dense particles from cotyledons
were individual or aggregates of protein bodies
(Fig . 6d, 7). The disperse phases on the surfaces
of Royal Red Mexican, OSU 605, and Garfiel d 81
differed slightly in form.
Differences in protoplasm might reflect differences in composit ion of
protoplasm from different genera and cultivars.
Protop lasm and protein bodies may be one of the
primary constituents of 'deposits' which have
been observed on surfaces of excised cotyledons
(Wolf and Baker, 1972).
The low frequency of cellular rupture in
Royal Red Mexican, OSU 605, and Garfie ld 81
cotyledons did not appear to account for the
quantities of protoplasm and protein bodies lost
from
cotyledons
of
these
cultivars.
Some
ruptures may have been hidden by t he protoplasm
released from ruptured cells, or protoplasm and
protein bodies may have been fixed to surfaces at
some distance from ruptured cells.
However, the
low frequency of single cell ruptures on cotyle·
donary surfaces in which protoplasm was not fixed
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( Fig . 3 ; indicated that protoplasm and protein
bodies nay h ,ave been re leased from cotyledonary
cells bf some mechanism other than complete
rupture :lf ce 11 walls.
Powel 1 and Matthews (1981) demonstrated
that
substantial
quantities of
intr acellular
substances are lost from cotyledonary tissue
dur ing : mbibition and th at cells are a bl e to
recover from s u ch losses.
A process by whi c h
cells cculd lo se protoplasm and protein bodies
and not rupt:ure and comp lete ly dischar ge cell
content s h as yet to b e identified.
The distinctions be t wee n cellular rupture and fra cture, and
among the for ms in wh ic h intracellular substances
were re leased , will help efforts to deve lop
breeding. cultur a l,
and processing strategies
which mi nimize the problems of tissue disrupt ion
during bbibition .
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Di s rupt ion of cotyledonary cells during
imbibi tion occurs on both large and small dimensions.
Large disrupt i ons include transverse
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Small disruptions were
cell wall r uptures.
Ce llular fracture is caused
by tensile stresses induced during imbibition b y
surrounding tissue.
Fractur e d cells sp li t open
and most of t hei r contents were released i n to
soak water .
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under
pre ssure
during
imbibition.
Cellular
contents d ischarge d from ruptured cells included
pro to pla s m, and protein bodies in disp ersed and
dense phas es, respectively.
Effor ts to measure
and contro l leakage from seeds should take into
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during imb i bi cion.
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!000.
Discussion with Reviewers
W J
Wo1 f:
One would expect to be able to
discern starch grains and p rotein bodi es as
constituents of cellular contents on the surfaces
of cotyledons.
Were the cell co n tents shown in
Figs. 1 and 2b examine d at higher mag nifi cat ion?
&!th2.n: We did not find starch grai n s among the
contents of ruptured cells in any of the seeds
examined.
Viewing the cell contents s hown i n
Fig. 1 at high magnification revealed pro tei n

Duke SH, Kakefuda G. (1981). Role of the
testa
i n preventing cellular rup ture dur i ng
imbibition of l egume seeds. Plant Physiol , 21.
449-456.
Duke SH , Kakefuda G, Harvey TM. (1983).
Differen tial l eakage of intracellular s ubstances
from i mbib l n g soybean seeds. Plant Physiol. 21.

919-924.
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bodies similar to those of OSU 605 and Royal Red
Mexican (Figs. 6d and 7).
!-l owever, we could not
di scern protein bodies in contents from ruptured
cells of air-dried samples, including Fig. 2b.

K Sai o:
Losses of so l id and chemical compone nts
during
inunersion
in water
clear l y
increase
dep ending on time and conditions during storage
(Sa io et al. , 1980, Cereal Chern. ll. 77-82).
Are
such losses related to the frequency of ce llular
r up tu re?
E Var riano-Marston: Cultivars diffe r i n leakage
and seedling vigor.
Do differences in ce llular
rupture cause differences in leakage and vigor?
Authors:
Given the variety of p rocesses which
can contribute to losses of intracellular s u b stances, we would not necessarlly expe ct to find
strong corre lations between any one for m of
imbibitional injury and total losses of i nt r acel lular ma terials.
Differences in protein leakage among cu l tivars were consiste n t with t h e
extent of cellular fracture in excised cotyledons
of susceptible and resistant cu l tivars (Spaeth,

E Varriano- Marston:
Structures in Fig. 3 bear
some similarity to stomates. How did you distinguish between cellular ruptures and stomates on
the surfaces of coty ledons?
Authors:
Stomates are generally bilaterally
synunet ric.
Cellular rupture s ""ere often asymmetric.
Th e large flaps of ce ll wall which often
remained attached to ruptur e d cel l s also served
to distingu ish them from stoma tes.

K..........fu!i:

You have shown that some cells rupture
while others do not.
What differences exist
between ruptured and unruptured cells?
Authop::
Rupture of an individual cell is probably influenced by numerous factors including the
movement of water, characteristics of the cell
itself and characteristics of adjacent tissue.
Epidermal t i ssues influence water movement into
subepiderma l
cells and may dim i nish cellular
r uptur e t h ere.
Var iation in strength of indivi·
dual cell walls might predispose some cells to
rupture.
Finally, the tendency of a cell to
rupture may be influenced by surrounding ce lis.
If compressive
stresses
in hydratin g
tissue
contribute significantly to pressures which cause
cellular rupture, then rupture of some cells may
partially relieve t he stresses and , thereby,
dimini s h t h e number of neighbor ing cells which
rupture.

1987)
R W. Yaklich ·
Are the results obtained in this
research applicable to seeds with intact coats?
Authors:
Seed coats certain l y can influence
water moveme n t into cotyledonary cel l s.
However,
fractured ce ll s associated with transverse cracks
and multicellular blisters are found in some
cultivars eve n when seed coats are intact ( Morris
et al. 1970, Spaeth , 1987).
Rupture of individual cel l s seems to be a less severe case of
imbibi tional injury so we expect it will be found
in seeds with intact coats of some cultivars .

~:

Hard beans, which cannot absorb water,
can be made to abso rb water if the seed coat is
scarified.
The rupture of cells on the cotyledonary surface may act in a similar manner to
promote rapid absorption of water while also
resultin g in the loss of nutrients from the
seeds.
P l ease conunent .
Authors: Th e ce llu lar ruptures which result from
imbibiti.onal stresses should be of interest to
othe r areas of legume seed research including the
serious problems assoc i ated with hard beans.
Har d ness in beans is caused by different factors
including the i nability of water to penetrate
see d coats and fail ure of cotyledons to soften
even when seeds imbibe water.
Cotyledonary cell
rup ture would not appear to play a role in hardness resulting fr om se ed coat impermeab i lity
wh ere water does not enter cotyl edons, but may be
involved in forms of hardness wh ere bean seeds
r e main hard even after cotyledons imbibe wa ter
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lntroduc r: I on
Edible mushrooms can be processed by
various methods including canning, drying and
freezing.
The effects of these processes on
the mushroom macrostructure are well
documented.
However, few studies have been
concerned with the microstructure of processed
mushrooms.
Jasinski et. al., (1984)
observed the ultrastructural changes of
blanched and canned mushrooms of Agaricus
bisporus, while Keresz tes et al., (1985)
studied the effect of ionizing radiation on the
gill tissue of Aga ricus bisporus and
P leurotus ostreat:.us.
Two methods of commercial importance for
the drying of mushrooms are air drying and
freeze drying (Cho et.al., 1982). Air
drying is more commonly used for pre serving
many wild varieties of edible mushrooms and
some cultivated species such as Lentinus
edodes and Vo1varie11a volvacea. The
main adva nr:age of dehydrated mus hrooms is char:
they are light and thus can b e packaged, stored
and transported cheaply. Air - dried products
are ofr:en of poor quali ty due to shrinkage,
textural changes, browning a nd i ncompl ete
rehydratability (Van Arsdel, 1973). The time
taken by r:he dr i ed mushrooms to rehydrate
depends on the species concerned. Air-dried
Chanterelles, Cantharellus cibarius, take
up to 8 hours while air-dried Pleurotus
ostreatus take about forty minutes (Gormley
and O'Riordain, 19 76).
In contrast,
freeze-dried mushrooms rehydrate within a few
minutes because of their porous, non- shrunken
structure.
They also h ave a good colour and
flavour (Fang et al., 1971). However,
there are problems with freeze drying of
mushrooms resulting from the damage incurred by
the freezing stage of the process (King,
1975). Odds on and Je l en (1981) observed that
rehydrated freeze-dried Pleurotus florida
were limp, probably due more to the inability
of the de l icate structure of the mu ~hrooms to
withstand the freezing process than the dryi ng
itself.
During freezing , mechanical injury can
result from the growth of ice crystals which
occupy a larger volwne than water.
If the ice

The aim of this investigation was to
observe the ef fect s of three drying methods on
the microstruct:ure and rehydration properties

of the Phoenix Oyster mushroom. Mushro oms were
dried at 55°C by air·, freeze·, and
vacuum-drying pilot plane processes. At the
microstructural level, the hyphae of the
air-dried samples were more flattened and
collapsed than the vacuum- and freeze-dried
samples. The basidia were distorted by all
three treatment:s to a certain extent, but there
seemed to be less damage on the gill surface of
the vacuum-dried samples. Appearance,
rehydration time and capacity were similar for
freeze- and vacuum-dried mushrooms; air-dried
mushrooms were shrunken and darker in colour,
and their rehydration time and capacity were
lower. Sensory evaluations indicated better
flavour retention of the vacuum -dried product
as compared to the air-dried material.
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crystals are large enough, physical rupture can
occur (Kuprianoff, 1962). Slow freezing
favours the formation of large extracellular
ice crystals while rapid freezing promotes the
formation of small intracellular ice crystals
which are less likely to cause structural
damage (Fennema, 1975). Bello ec: al.,
(1984), however, sho<wed that even with rapid
freezing, damage to the nuclei and mitochondria
of skeletal fish muscle could occur.
Smaller ice crystals may not be necessarily
desirable for the freeze-drying process, since
they result in pores of smaller diameter which
offer a greater resistance to heat and mass
transfer during drying (Ciobanu et al.,
1976). Also, rapid freezing results in a
greater loss of volatile components.
Bartholomai et al. (1975) reported a
significant reduction in the retention of a
natural v olatile component in liquid mushroom
extract frozen rapidly in liquid nitrogen
compared to the extract frozen slowly in still
air at -40°C.
Fli nk (1975) suggested that
slow freezing allows a greater incorporation of
volatiles into the solute phase and favours the
formation of microregion structures in which
the volatiles are entrapped. Thus rapid
freezing may minimize structural damage but it
does not maximize volatiles retention.
Since the freezing step appears to be the
main cause of quality impairment of
freeze-dried mushrooms, it was decided to
investigate the effects of byp assing that stage
and only subjecting fresh mushrooms to the
drying conditions usually used for freeze
drying, i.e., heating under high vacuum. The
aim of t his study was to compare three drying
mechods (i.e., air-drying, freeze-drying, and
high vacuum-drying) for their effects on the
microscructure and rehydration properties of
the Phoenix Oyster mushroom, P leurotus
ssjor-caju. The mushrooms were also
evaluated for sensory characteristics such as
texture, flavour and overall acceptability.

t hree times using three different batches of
mushrooms. The methods used were : (i ) Air
drying in a forced conveccion oven (model
LDBl-69, Despa t ch Industries Inc. Minneapolis,
MN).
The drying cime was approximately 10 h.
(ii) Freeze drying, for approximatel y 20 h.
Mushrooms were previously frozen in a walk- in
freezer (air-blast) at -30°C. They were next
dried in an RePP freeze drier (Virtis Co. Inc.
Gardiner, NY); the shelf cemperature was
maintained at 55°C and the condenser
temperature at - 60°C; the vacuum was less
than 1 mm Hg. (iii) High-vacuum drying, using
the equipment and drying conditions as in (ii),
but omitting the freezing step.
Temperature Changes in Mushrooms
The temperature changes in a mushroom cap
of 10 em diameter were monitored by several
chermocouples inserted at variou s locations
during vacuum-drying.
Scanning Electron Microscopy <SEMl
Samples were prepared according to the

~~;h~~n::~c~!~;:s ~y ~;~~~r:~:c:~ ~;. ~2~7:~
gill tissue and inner tissue of a cap were
exposed to osmium tetroxide vapour overnight
and air dried at room temperature. The dried
samples were chen sputter coated with gold
(Nanotech, Semprep 2), and examined with the
scanning electron microscope (Cambridge
stereoscan model S250, Cambridge lnduscries,
England) at 20 kV.
Mol sture Content of Mushrooms
Approximately 3 g samples of dried

~~~~~o~~s io~~~s~:~ ;n~~y=~al~oi!~~;:' l::~e was
then calculated. Determinations were carried
out in duplicate .
Rehydration Time
About 2 g of dried mushrooms were soaked in
500 mL of water at 20°C.
After a specific
t:ime interval, the mushrooms were removed and
excess water gently blotted out by paper
towel. The samples were weighed and then
placed back into water.
The time interval used
for repeated determinations of air-dried
mushrooms was 10 minutes while for the
freeze-dried and high vacuum dried mushrooms,
it: was 30 seconds. Readings were taken until
there was no further change in weight, at which
time the mushrooms were considered to have
reached full rehydration capacity.
Determinations were made in triplicate.
Rehydration Capacity
Rehydration capacity was calculated as the
maximum amount of water absorbed (g) per g of
dry material as determined at the end of the
rehydrat i on time experiment.
Determinations
were made in triplicate.
Sensory Evaluation
Mushrooms were rehydrated and cooked in
butter for two to three minutes.
They were
evaluated for texture , flavour and overall
acceptability by a group of twenty-six
panelists on a hedonic sca l e (Larmon d, 1977) of
1 (dislike extremely) to 9 (like extremely).
Results were analyzed by two way Analysis of
Variance (ANOVA).
Differences between means
were tested by the Tukey' s test.

Mat:erials and Methods
~

Fresh Pleurotus sajor-caju (Strain P60,
Hauser Champignonkulture n Ag, Switzerland)
mushrooms were obtained from Mountain Mushrooms
Research Farm (Airdrie, Alberta).
Fruit bodies
of 7-10 em diameter were selected. Only the
caps were used.
Drying Treatments
Gormley and O'Rio rdain (1976) recommended a
temperature of 51-65°C for air-drying of
Pleurotus ost.reatus. Bartholomai (1974)
reported obtaining dried mushrooms of
satisfactory sensory quality from mushrooms
dried by a combination of freeze-drying
(contact freezing at -40°C; heating plate at
60°C) and air-drying at 80°C. A
temperat:ure of 55°C was used in our work for
al l three drying methods as a compromise and
uniform treatment.
Nine hundred grams of whole mushroom caps
on a perforated tray were dried to a moisture
content of 7-8 % by the three methods
investigated.
Each treatment was replicated
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Results and Discussion
The freeze-dried and vacuum-dried mushrooms
were similar in several aspects. They both
exhibited good colour, little or no shrinkage
(Fig. l), and rehydrated within two minutes to
a similar rehydration capa city (Table 1). In
contrast, the air-dried mushrooms were darkened
and shrunken; they took forty minutes to
rehydrate and their rehydration capacity was
lower.
At the microstructural level, the basidia
of all three samples (Fig. 2) were distorted to
a certain extent but there seemed to be less
dama ge on the gill surface of the vacuum-dried
samples. When rehydrated, the gill surface of
the air-dried sample was more wrinkled than
that of the freeze-dried product while the
surface of the vacuum-dried sample was fairly
smooth (Fig. 3). The hyphae of the air-dried
samples were more flattened and collapsed than
those of the freeze-dried and vacuum-dried
(Fig. 4) samples. The rehydrated hyphae of the
air-dried samples were more folded while those
of the freeze-dried and vacuum-dried products
were fairly smooth (F ig . 5).
According to Van Arsdel (1973), during
drying the solid structural elements of the
plant tissue are pulled closer together under
the influence of surface tension as water
evaporates from the wet surface.
This effect
eventually spreads to the deeper layers while
water migrates to the surface where it is
evaporated. Additional removal of water at the
surface leads to further deformation as t he
structural elements are crumpled or folded to
occupy a shrinking volwne. Thus, the air-dried
mushrooms were shrunk, the hyphae flattened and
the basidia co l lapsed.
During freeze-drying, t he original
dimensions of the product are maintained first
by freezing.
The ice is then sublimed, usually
under a high vacuum.
Sin ce there is no aqueous
phase, there is no migration of water to the
surface but instead a receding interface of
frozen and dry layer.
The effects of s hrinkage
and concentration of water soluble compon ents
due to the mobility of the aqueous phase are
thereby prevented (Karel, 1975), and the
resulti ng product is not shrunken but porous.
At the microstructural l evel this was observed
as hyphae which had retained to some degree
their tubular structur e (Fig. 4B). The
basidia, however, were more damaged and some
showed perforations in their wall (Fig. 2B).
In this experiment, the mushrooms were frozen
by air-blast freezing at -30°C. At this rate
of freezing, there could have been the
formation of ice crystals large enough to cause
structural damage. To assess the extent of the
damage, further observations at the
ultrastructural level by electron transmission
microscopy need to be carried out.
Temperature probes placed in the mushroom
cap (Fig . 6) monitored the temperature c hanges
occurring during vacuum-dry ing (Fig. 7).
There
was an initial r ise in the temperature of the
tissue but after five minutes, the temperature
dropped steadily reaching its lowest point

Fig. 1.

Fresh and dried samples of Pleurotus
sajor caju mushrooms.

Table 1. Moisture Content and Rehydration
Characterist ics of Dried Mushrooms (at 20°C).
Dried
Sample

Moisture*
(%)

Air

7 .4 (±0.1)

Freeze

7. 6 (±0. 3)

Vacuum

7.6 (±0.1)

*
**

Rehydration
Time
(minutes)

40

1.5

Rehydration
Capacity**
(g H20/g
mushrooms)

6.39 (±0.06)
7.21 (±0.05)
7.16 (±0.07)

Mean ± standard error ( n-6)
Mean ± standard error (n- 9)

after fifteen minutes when the pre ssure within
the dryer reached one Torr. As the pressure
within the dryer was being reduced, water
evaporated rapidly from the mushroom. Heat was
lost from the tissue as latent heat of
vaporisation but at the same time there was a
heat gain from the heating plate and the
surroundings . \olhile the other parts of the
mushroom ca p remained above 0°C at the time
intervals recorded, the temperature dropped to
-8.2°C in the centre of the cap. Whether
that area became supercooled or frozen has to
be investigated further.
The porosity of the
vacuum-dried mushroom indicates the possibility
of a similar mode of mass transfer in the
tissue as that occurring during freeze -dryi ng.
Instead of a migration of water which would
pull the tissues together, there could have
been a reced ing interface of moist and dry
layer which resulted in a porous structure, as
shown for the vacuum- dried hyphae (Figs. 48 and
4C). The gill surface of the vacuum-dried
sample, on the other hand was n ot as damaged as
the freeze-dried sample (Figs. 2B and 2C).
This may be due to the omission of the freezing
process. The kinetics of heat and mass
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Fig. 2. Gill surface of P. sajor-caju
mushrooms. A - Air dried.
B - Freeze dried.
C - Vacuum dried.

3. Gill surface of rehydrated P.
sajor-caju mushrooms. A - Air dried.
B - Freeze dried. C - Vacuum dried.

Fig.
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Fig. 5. Hyphae from rehydrated P.
ssjor-caju mushroom caps. A - Air dr ied.
B - Freeze dried . C - Vacuum dri ed.

Fig. 4. Hyphae fr om P. sajor-caju mushroom
ca ps. A Air dr ied. B - Free?.e dried .
C - Vacuun dried ,
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transfer in the mushroom tissue would have to
be investigated further before an explanat ion
can be given for the similar porous structure
of the freeze-dried and vacuum-dried sample s.
Panelists used in the sen sory test indicated
no significant difference between freeze-dried
and v a cuum -dried mushrooms with respect to
tex t ure, flavour and overall acceptability
(Table 2). However, flavour a nd acceptability
of the vacuum-dried mushrooms were
significantly better than that of the air- dried
products, \<Jhile the freeze-dried mushrooms ""ere
not significantly different from the air- dried
mushrooms. This indicated t hat flavour might
be better p r eserved in t h e vacuum-dried
mushrooms than in the freeze-dried products but
this was not significant enough to be detected
by the panelists. The freeze-dried nushrooms
could have lost more of t he flavour components
by leakage through the damaged ce ll l.l'a lls when
they were being rehydrated prior to cooking.
In all tests, however, fresh mushroocs scored
significantly higher than any of the three
dried products.
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F'ig. 6. Schemat ic diagram showing locations of
temperature probes in mushroom cap during
vacuum drying.
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High vacuum drying is a method of poten tial
importance for drying mushrooms. Vacuum-dried
Phoenix Oyster mushrooms had similar features
to those of the freeze-dried mushroo.11s such as
good colour, non-shrunken structure and rapid
r ehyd ration rate to a high rehydration
capacity
The absence of a freezing stage
would avoid the undesirabl e c ha racteris tics
associated with freezing and would a lso reduce
the processing cost for obtaining quality dried
mushrooms. This meth od could be a p plied to
other mushrooms such as the Chanterelles,
(Cantharellus cibarlus) which give poor
quality air-dried products while freeze-dried
products are too expensive.
A preliminary
study on the Chanterelles (Li-Shing-Tat and
Jelen, manuscript in preparation) indicated
that the freeze-dried and vacuum-dried
mushrooms were similar in appearance. The high
vacuum drying method merits furt h er
investigation, especially for the edible
mushrooms commanding premium prices .
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Fig . 7 . Te mperature changes in mushroom cap
during vacuum drying

Table 2. Summary of results (mean sco t·es,
n- 26) from the sensory evaluation of fresh
and dried caps Pleurotus sajor-caju.

Texture

Fresh

VacuumDried

FreezeDried

~

25~.ld3__~5~33L___L5~1~2

~

~6~0L___=5~7:5--~5~.~J~5

Bartholomai GB. (1974). Effect of combined
freeze drying and hot air drying on quality of
dehydrated mushrooms.
Revi sta de Agroquimica y
Technologia de Alimentos . ll, 611-6 14.
Bartho l omai GB, Bernnan JG, Jowitt R .
(1975).
Influence of cellulose and starch on
the retention of volatiles during freeze-drying
of a liquid extract of mushroom. Lebensm-Wiss .
U. Techno!. ~. 174-176.
Bello RA, Luft JH, Pigott CM. (19&4).
Ultrastruc tural study of skeletal f!.sh muscle
after freezing at different rates. :. Food
Science~. 1389-1394.
Cho KY, Yung KH, Chang ST (1982).
Preservation of cult i vate d mushrooms.
In:
Tropical Mushrooms: Bio l ogical Natu:e and
Cult ivation Methods. Chang ST, Quim l o TH,

AirDried

Flavour

Overall
Acceptability

Mean scores underscored by the same line are not
significan tly different at 5% leve l (Tukey' s
test).
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Effects of blanching, chemical treatments and
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mushrooms . J. Food Science. li. 1044-1048.
Fennema <R. {1975). Freezing Preservation.
In: Physic t l Principles of Food Preservation .
Karel M, Fronema OR, Lund DB , (e d s). Marcel
Dekker, Inc. New York II, 173·215.
Flink J. (1975). The retention of volatile
components during freeze drying: a structurally
based mechmism. In: Freeze Drying and Advanced
Food Techndogy. Goldblith SA, Rey L, Rothmayr
W, (eds). Academic Press, London, 351-371.
Gormley 1R, O'Riordain F, (1976). Quality
evaluation of fresh and processed Oyster
mushrooms (Pleurotu.s ostrestus).
Lebensm-!Jhs. U. Techno!. .2. (2), 75·78.
Jasinski EM, Sternberger B, Walsh R, Kilara A.
(1984). Ultrastructura l studies of raw and
processed tissue of the major cultivated
mushroom, lgarlcus bisporus. Food
Mi crost ructure .J., 191-196.
Karel M. (1975), Freeze dehydration of foods.
In : PrinCiJles of Food Science . Karel M, Fennema
OR, Lund OJ (eds) . Mar-cel Dekker, Inc . New York ,

product. Would the result of the experiment be
any different under different substrate,
culture and environmental parameters? Also,
there are many species of Pleurotus
cultivated commercially. How would your
technnique or results vary with the different
spec ies ?
~:
Mushrooms subjected to the three
drying treatments all came from t h e same
batch. The relative difference between the
dried products would probably be similar for
mushrooms cultivate d under a di.fferent set of
conditions and for mushrooms of different
Pleurotus species.

p 1 Rinker: Vhy were caps only used?
Pleurotus sajor-caju is a cultivar: of
choice by some for the edibility of the stems.
There is considerable weight lo ss (dollar loss
to the producer) if the stipes are trimmed
short.
~:
Air·dried stems are tougher in
texture than the caps. Also, because of the
differences in structure between the caps and
the stems, they would dry at different rates.
In this experiment, it was decided to
concentrate on the caps. Oddson and Jelen
(1981) indicated that freeze-drying was
damaging particularly to the structure of the
caps.

359-395 .

~:

'Were the ultrastructural c hange s
observed corre l ating with texture measured by
an objective method (lnstron) or only by
sensory evaluation?
~:
The textural characteristics of t he
rehydrated uncooked mushroom s were measured b y
the Ottawa Texture Measuring System of Voisey
(197l,J. Inst. Can. Techno!. Aliment. !!_ (3)
91-103). There was no significant difference
between the vacuum-dried and freeze-dried
products (Table 3).

Kereszte ~ A. Kovacs J, Kovacs E. (1985).
Effects of ionizing irradiation and storage on
mushroom ultrastructure. I. The Gills of
Agaricus blo;porus (LGE.) IMBACH and
Pleuroeus cstreaeus. (Jacq.Ex.Fr.) Kununer .
Food Micro s: ructure !!, 349-355.
King CJ. (1975). Applications of
freeze-dryhg to food products. In: Freeze
Drying and \dvanced Food Technology. Colb1ith
SA, Re y L, {othmay r WW (eds). Academic Pres s .
London , 33 3·3 49 .
Kuprianoff J. (1962). Some factors
influencin g the reversibility of freeze drying
of foodstuEs. In: Freeze Drying of Foods.
Fisher FR. ' ed). Natl. Acad. of Sci. NRC,
Washington, D.C. 17-24,
Larmond E ( 1977). Laboratory methods for
sensory eva.uation of food. Publ. No. 163 7,
Res. Branch Cana da Department of Agriculture,
Ottawa, 56-,9.
Nickerson AW, Lee A, Bulla JR, Kurtzman CP.
(1974), Spo·es. In: Princ i ples and Techniques
of Scannin& Electron Microscopy, Biological
Applicatiol'll M.A. Hayat, (ed.) Van Nostrand
Reinhold Co, New York, 159·180.
Oddson L,Jelen P. (1981). Food process i ng
potential o · the Oyster mushroom (Pleurotus
florida), Qn. Inst. Food Sci. Techno!. J. 14
(I). 36-41.
Van Arsde \JB (1973).
Drying Phenomena . In:
Food Dehyd tion. Van Arsdel IJB, Copley MJ,
Horgan AI, eds) AVI Publishing Company, Inc.,
!Jestport CT 1, 90-131.

Table 3.
Force (kg) required to shear through
rehydrated P leurotus .sajor·caju mushrooms
(using an Ottawa Texture Measu r ing System
appa ratus).

Sample

Force (kg)/25g

Air-dried mushrooms

73.54 (±1.43)*

Vacuum-dried mushrooms

51 55 (±1. 27)

Freeze·dried mushrooms

50 11 (±5.64)

Mean values ±S.E. ( n-9 )
*Significantly different at 5% level
~:
Do you plan to investigate other
mushrooms, for example wild mushrooms, which
are very rich in flavour components?
Pleurotus species are generally poor in

)iscussion with Reviewers
D L Rinker
Substu.te, culture and
environmentinfluence the quality of the fresh
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flavour components; why did you choose
Pleurotus sajor- caju?
Authors: Pleurotus sajor-caju was chosen
~ study because of its rising importance
in the exotic mushroom industry in Canada, and
the current industrial interest in finding
suitable processing technologies for the excess
production. However, the final objective was
to find a method of drying that could be
applied to high value mushrooms such as the
Chanterelle.
Preliminary tests on Cantherellus
cibarius indicate that the vacuum-drying
method gave a similar product to that obtained
by freeze-drying.
~:

Were the dried samples investigated
right after drying or after storage? If the
dried product was stored, please clarify the
storage conditions.
~:
After drying, the products were
stored in moisture-proof bags at room
temperature.
Samples for investigation were
prepared within a week after drying treatments.
~:
It would be interesting to know
whether there are any differences in
brittleness of the dried, freeze-dried and
vacuum-dried products.
It is important from a
consumer ' s point of view.
~:
The differences in brittleness
between the three drie d products were not
tested. The vacuum-dr i ed and freeze-dried
products were both fr a gile and would require
protective packagin g.
~:
Have the authors considered any
other methods of preparing specimens for SEM
which might be less damaging to the tissue?
~:
Specimens were dried samples which
had already been damaged by the drying
treatments . It is possible that the
preparation technique employed here will cause
further damage to the tissue but it is expected
that all samples will suffer the same degree of
damage and that the relative difference between
the samples can still be assessed. Another
method that could be used for the specimen
preparation is Cryo-SEH.

~:

Have the a uthors looked at fresh
tissue as control test for the techniques they
used for specimen prepa r at i on for the SEM?
Authors:
Fresh ti s s ue wa s no t i ncluded as
control since the aim was to compare dr i ed
samples. A technique th at preserves the
structures of the fres h tissue may not be
necessarily sui table for the dried samples.
In
retrospect, fresh tissue as control might have
been useful to assess the structure of the
rehydrated samples.
~:

An increas i ngly important method
of short- term mushroom preservation is vacuum
cooling. Have the authors examined the effects
this may have on P leurocus tissue?
~:
No, this was not investigated.

142

FOOD MICROSTRUCTURE , Vol. 6 (1987), pp. 143 - 150
Sca nning Microscopy International , Chicago (AMF O'Hare), lL 60666

USA

FLUORESCENCE AND LIGHT MICROSCOPIC ANALYSIS OF DIGESTED OAT BRAN

*s.H. Yiua

and

R. Mongeaub

a. Food Resea rch Centre, Agr i cult ure Cana da , Ottawa, Ontario KlA OC6.
b. Bureau of Nutritional Sciences , Food Directorate, Health
and Welfare Canada, Ottawa, Ontario KlA OLZ.

Introduction
The structural and cheMical co11posi tions of
digested oat bran were analyzed by fluorescenc e
and other types of light •icroscopy . The di gestion of oat bran was carried out under two
conditions - in vitro, by incubation with hur~an
saliva, and ~. by feeding rats with an
oat - bran suppleMented diet.
Con~parlson
of the
digestive breakdown a•ong differ e nt structural
co•ponents of oat bran wa s conducted by • icrosco pically exa11inin2'
sa11ples obtained fro• the
salivary digestion and fro111 the I leu• and con tents of the large intestine (LIC) of the rats.
Results of the exalli nation s revealed that the
(1 - 3)(1 - 4) -B- D- gluca n- rich ceJJ wall of the subaleurone layer , along with 1ts cellular co n te nt ,
were relatively •ore digestible than the co•pa rable structures of the aleurone layer .
Most of
the aleurone structural co•ponents, inc luding the
ce ll wall and the phytin globo id s, as well as the
outer fibrous layers of the bran . re•ained de tectable in the ileu• sa11pl es. indicating that
they wer e poorly digested by the endogenous gas trointestinal enzy11es of the rats.
Partial to
co•plete degradations of the aleurone cell wall
and the phytin globoids were detected in t he
digested oat bran tissues found in the LIC of the
rats . Microscopi c exaMination of th e LI C sa11ples
also revealed the presence of the rat intestinal
•icrotlora. undieested outer tissue s of the bran
with its detectable phenoli c content , and a large
amount of crystalline structures that differed
morphologi cally and cllemically froll oat phytin
globoids.
Energy dispersive X-ray lllicroanalysis
of the LIC samples revealed their elemental coM position to be high in both phosphorus and calciull along with traces ot •agnesiu11, potassiu•
and iron .

Oat bran is a produ ct separated by llechani cal process ing of dehulled oat grains (groats) .
Oat bran is ri c h in cell wall fibers . parUcular ·ly {l - 3)(1-4) -6-D- glucan {about
8~ - Wood . 1986}
whi ch appears to play a •ajor role in lowering
seru• cholesterol
levels in hu•an s and rats
(Kirby et al.. 1981; Chen et al . , 1981; Anderson
et al ., 1983) . Oat bran is also rich in 11inerals
(Peterson et al .. 1974), •ost of whi c h occur as
subcellular phytin globoids wit h in the aleuro ne
Jayer (Pomeranz. 1973).
However , interactions
between phytate and other dietary components,
such as cell wall fib e rs and vHriuus •inerals may
signif ica ntly lower the bioavallability of • i ner als in aniMals and hu•an s (Taylor, 1965 ; Morris ,
1986) . Hence. the role of oat phytin globoids as
a source of dJetary 11incrals and the effect of
phytate on Mineral avai labili ty in hu11ans who
ingest oat bru.n for physiologica l benef i t have to
be con s ide r ed.
Past studies on th e nutritional aspects of
oat bran 11ainly regarded the bran as a s ingle e n tity rather than an orga nized array of c he mi ca lly
and structurally distinct tissu es.
Like •ost
plant fibers, oat bran fiber js generally be l1ev ed to be poorly digested by the huMan digestive
enzymes owing to the lack of specific e nzy11es
s uch as cellulases in their digestive syste11s.
Hence , degradation of the fiber reJJes 11ainly on
the •lcrobial fenent ation that occ ur s In the
large intestine of the human or the rat {including the cecu111) (Ny11an and Asp, 1986) . However, a
rece n t review on oat • orphology by Fulcher (1986)
describes oat bran co•ponents as che11ically dis U net structures,
characterizab l e by their dif ferent cell wall fibers . Studies of plant fiber
digestion indicated that so•e cell walls are more
readily digested than the others, dependlne on
their che•ical and structural co11positions (Akin
et al., 1984).
Direct coMparison between the
different oat cell wall co•ponents and their
dlgestlbillties under comparable conditions is
lack.ine.
A clear under s tanding of the relation ship between the oat bran st ructures and their
diges tibilities would !•prove the knowledge of
the role of oat bran as a source of dietary fi bers, leading to better utilization of the oat
fibers for •axi•u• physiologi cal benefits .
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Insufficient understanding
of the nutri tional quality of oat bran is partly due to the
diff iculty of extracting individually pure cell
wall fra c tions for enzy11atic digestion and to the
inad equacy of effective 111ethods capa bl e of a na lyzing both che•ical and st1·uctural co •poaltion s
of t he product at the salle tbe. Two dJfferent
types of aicroscopic techniqu es appear suitable
for invesligating the digestibility of different
oat bran co•ponents under co•parable conditions.
Fluort!stence JRicroscopy proved to be e ffe ctive
for si multaneously analyzing food structures and
their cheMical co111positions in variou s food pro ducts (Pulcher, 1982, Yiu et a!.,
1983; Ylu,
1985, 1986).
The technique of energy dispersive
x- ray 11i cronna ly sis coupled with scanning elec tron •i croscopy enables conco•l tant analyses of
struc t ures and their
ele11.ental
co•poaltlons
(Po•eranz. 1973). Using these two techniques as
analytical tools, the present study aiaed at
following structural and cheMical c hanges of oat
bran coaponents subjected to l!l.__Y!ll!! (huaan
sal !va ry) and in vivo (rat intestinal) enzy11atic
digestion .
- --

Q!!.L~!:!!ll

Mothers
Oat Bran, Creamy High - Fiber Hot
Cereal, was obtained from t he Quaker Oats Co• pany, Barrington. lL.
.!.!LY.!tro Oigesti.Q.!L.Qf Oat !!.!:.!!!!
In vitro digestion of oat bran by en zy~nes
presenli~ the hu•an saliva was conducted accord ing to the aethod described by Yiu et al. (1987) .
Oat bran (6g wet weight}. either cooked (6 g bran
in 60 al water) for three •inutes or soaked in
distilled water for the sa•e period of t l•e. wa s
incubated at 37° C with 2 •1 human saliva and 5 •1
distill ed wate r inside a dialysis tubi ng (Spec trapor Meab . , 32 ••· •o1ecular weight c utoff :
6.000 - 8,000) and siaultaneously dlalysed against
200 al distilled water wHh constant stirring.
After 3 h, t he digested contents were reaoved and
ill•ediately prepared for microscopic exa•inatlon .
In Vivo Digestion of Oat Bran
Five
Sprague - Dawley weanling fe•ale rats
were fed a diet containing 22.4'£ casei n, 0.3%
0- L- methlonin e, 0.2% c holine, 3.9% 11ineral mix ture (AJN mineral mixtur e 76, JCN Nutr. Dio c hem . Ltd., Cleveland, OH.), 1.1% vitamin m1xture
(AJN vitamin mixture 76, ICN Nutr. Diochem. Ltd.,
Cleveland , OH), ll.Ui corn oil, 38.3% corn starch
and 22.7% oat bran (containing an equivale n t con tent of 4~ dietary fiber).
The ani •ah were
housed in wire - botto• cnges. Distilled water was
provided ru!_illitu•. After 27 wee ks on the diet
(to observe the long-ter111 effect of ingesting oat
bran in the rat), the aniMals we r e anesthetized
and later sac rificed with 2% halothane (Ayerst,
Montreal, PQ) in oxygen. The whole gastrointes tine (Gt) was re•oved and placed i n lee - cold
Ringer solution.
The cecua was separated fro•
the sMall intestine. The digesta fro• the distal
portion of the ileu• (0-6 c11 fro111 the cec u•) was
co llected
in
a plastic scintillatio n vial,
freeze - dried and stored at - 70° C until Microscopic exaMination.
Pellets, or LIC , fro•
the

distal portion of the large intestine were collected and stored as for the 1 leu• digesta.
Light Microscopy
All sa•ples wer e first encapsulated in talten 2~ agar in a petri dish according to a pre vio usly described method by Ylu et a] . (H83} ,
and were cut into 1- 2 •• blocks after the agar
was set firm.
They were then fixed in 3% ghtar aldehyde (in O.OlM phosphate buffer, pH 7 .0 ) for
24 h according to the 111ethod described by Viu
(1986).
Fixed saMples we re dehydrated th1ough
methyl cellosoJve, ethanol, n- propanol, and r-bu tanol followed by infiltratio~ with g lycol m~tha
crylate •ono11er for 3-5 days at room te111perrt ure
prior to poly•erisation at 55° C in gelatine capsules.
Sections wer e c ut 2 JJ •
thick usinf an
ultraMicroto•e (Sorvall Inc., Newtown, CT) ecuipped with a glass knif e. All sections were affixed to glass slides for subsequent staining and
microscopic exa•ination.
Depending on the histocheMical conte1t of
the sa•ple , each section was stained with om of
the following reagents according to the •e1hods
previously described (Yiu, 1986 ; Yiu et a l.,
1987) : (1) 0.1% (w/ v) aqueous Acridine 01ange
(BDH Che•. Ltd. , Poole, England) for 1- 2 •in , (2}
0 . 1% (w/v) aqueous Acriflavine HCl (BDH the• .
Ltd. Poole, England) for 1- 2 •in, (3) 0.1% tN/v)
Cellufluor (Polysciencea,
Inc., Warrington, PA)
in 50% ethanol for 1 Min, (4) O.OUi (w/v) aq1eous
Congo Red (Fisher Scientific Co., Fair Lawn , NJ)
for 1 - 2 Min,
(5)
0.5'£ iodine (w/v) in 5% aq1eous
potassiu111 iodide solution (lKl) for 2 •in, 01 (6)
0.05% (w/v) Toluidine Blue for 1- 2 •in.
All
stained sections were rinsed in distilled wrter,
air - dried, 11ounted in i1111ersion oil, and exa1ined
by fluorescence, bright - field, or polarizing op tics using a Zehs Universal Research Photo• X: ro scope {Carl Zeiss Ltd . , Montrea l, PQ.). Tht •i croscope was equipped with both a convent Dnal
bright - field illu•inating syste• and a II J RS
epi - i llu•inating cond enser co•bined with an HBO
100 W •ercury - arc burner for fluorescence malysis.
The II I RS condenser contained three fl uorescence filter systeMs with a dlchro•ati c bea•
splitter and an exciter / barrier fiJter set for
•axi•u• transMission at 365 nM/ 418 n• (PI I),
450 - 490 n•/> 520 nil (FC 11) and 546 n• />59 0 n11 (FC
III).
Mi crographs were recorded on 35 MM lktachro•e 400 Daylight fil•.
Ene ru_!!,! spers 1ve _!:J!!.~. J!!g:M!1!U~a is
Unfixed samples of oat bran, t he feed , and
conte nts of the large intestine of two rats we re
11ounted on carbon holders with silve r p£ste.
Three speci•ens were prepared for the exa•inttion
of each of the above sa•ples. The spec !Mens we re
coated with carbon uaing a Speedivac Coating Unit
(Model 1286/ 1258,
Bdward s Hieh Vacuu•, Oakville, Ont.) and exaMJ ned on an ISI - DS130 f'C an ning electron • icroscope (Rayonics lnc. Dcwnsville, Ont.). The •i croscope wa s equipped W"ith
an energy dhpersive X- ray detector and ana lyzer
(TN- 5500, Tracor Northern Cnnada, Rexdale, Ort..),
with the detector set at 45 ° angle to the sreci•en stage and a working distance of 35 Mil. The
Microscope was operated at an accelerating \Oltage of 20 keV, no tilt, 5 x 10 - 9 A probe curTent
and a probe size of 180 n• in dia•eter. X-ray
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Structures of Digested Oat Bran
the incubation, the cooked oat bran had virtually
no detectable starch granule structures, whereas
the uncooked sa11ples contained Many partially
digested starc h granules (Fig. 2) . Thi s finding,
which 1s in agreement with previous reports (Snow
and O'Dea, 1981 ; Yiu et al., 1987), confir•s that
uncooked oat starch can be digested by human
salivary a•ylases to a certain extent and that
cooking
greatly
enhances its digestibility.
Cooki ng also induced some release of the aleurone
cell contents, but much less than that of the
sub - ale urone
layer, owing to t h e relatively
sturdy aleurone cell wall. This was demonstrated
by a decrease in the amount of phytin globoids,
the structure of which can be detected by stain ing with Acriflavine HCl (Fig . 3) and by view ing
under polarized light .
However, wh ether the
decrease was due to a loss of the cell contents
going into the incubation medium or was caused by
enzy11atic breakdown re11ained uncertain.
In view
of the fact that phytase has never been detected
in hu111an saliva , the degradation of oat phytin
globoids is expected to be low.
Digestion of Oat Bran by Rat In testi nal EnzyMes
Rats fed with an oat-bran su pple•ented diet
we re used as experiMental models to investigate
the digestive breakdown of var 1 ous oat bran ce 11
wall fibers and the phytin globoids in the gas trointesti nal tract.

spectra were collected for 100 s at each of five
selected sites per spec!11en, and their 11ineral
eleMent contents were qualitatively analyzed .
Quantitative Ele•ental Analysis
The LIC sa11p les fro• the tMo rats we re ana lyzed
by AtoMic Absorption SpectrophotoMetry
(Model 975, Varian Canada Inc., Ottawa, Ont . ).
The analysis was conducted at the Land Resources
Research Centre, Agriculture Canada, Ottawa, Ont .

Structural and Cheaical Co11positions of Oat Bran
Most of the oat bran structural components
and so•e of their che•ical contents can be re vealed si•ul taneously by simple fluorescence •1 croscopic techniques . For exa11ple, using Co ngo
Red as a staining reagent for revealing cell wall
structures and the FC I filter syste• for short wavelength excitation and subsequent fluorescence
analysis, it was possible to detect autofluorescence e•itted by the outer layers, which include
the outer11ost perlcarp,
testa and the nucellus,
(bluish white fluorescence), the aleurone and
part of the sub - aleurone cell walls (blue fluo rescence), indicating the presence of phenolic
coMpounds (Fig . 1).
Although the identi ty of
these COIIIpounds is not fully es tablished , ferul ic
acid is believed to be one of the 11ajor phenolic
compou nd s present on the oat cell walls (Collins,
1986; Fulcher,
1986).
The above exaMination also
revealed the concentrated location of (1 - 3)(1 - 4) S-D- glucan ( S- glucan) (red fluorescence), on the
sub - aleurone cell wall
(Fig. 1). In addition,
the aleurone protein bodies e•bedded with visible
globoids and the sub - aleurone reserves of protein
and
starch were also revealed in the sa11e
section.
!!!&!:.!tion of Oat Bran by Hu11an Salivary Enzv.!!!:.!
Both un cooked and cooked oat bran sa11ples
were incubated wit h huaan sal iva and t he effect
of cooking on the amylolytic digestion of so•e of
the oat bran co11ponents was deter11ined by the
following microscopic analysis.
Sections fro•
the digested and undigested saMples were stained
with Cellufluor to detect changes in the cell
wail structures. Si11llar to what wa s shown pre viously in rolled oats (Yiu, 1986). cooking in duced 11ore cell wall breakdown in the sub - aleu rone layer. resulting in a decrease of fluores cence intensity in the cellufluor - bound
cell
walls.
The decrease was probably due to t h e
release of B-glucan fro m t he cell wall into the
cooking medium (Yiu et al., 1987 ). Howeve r. the
dhlinished fluorescence intensity was not at ten uated after the incubation with saliva (results
not shown). The result was not unexpected, since
enzy11es capable of digesting the 6- glucan are
absent in hu•an saliva. However, 110re cell wall
breakdown in the sub- aleu rone layer would lead to
•ore release of its cellular content, thereby
increasing the surface area for other enzymatic
digestion. s uch as starch hydrolysis by aMylases
wh ich are abundant in hu11an saliva. Hence, th e
11ost noticeable difference of the oat bran components after the salivary incubation was the
structural c hange s of the starch granules .
After

~illQ.!L_QLQ.!!.Lbran i!!_!1!~__!_!!Li le~!!!

Microscopic examination of the rat ileal
contents (the digesta) revealed that most of the
sub-aleurone cell wall and its cellular compo nents were partially or completely d egraded (Fig .
4) whereas the aleurone cell wall was relatively
intact and many phytin globo.ids remained detect able (Pig . 5).
This finding indicat es that the
former Ussue .is more susceptible to the envi ronMent of the rat digestiv e system, and it fur ther confirms that the t wo ceJl waJJs are struc turally and c he•i ca ll y differ ent
fr o•
each
other.
Aside fro• the host ' s digestive enzy11es,
•icrobial enzymes may also play a role in de ljtrading the oat bran co11ponents. even though the
numb er of microflora present in the il e u11 is
relatively saall (Borriello. 1986). The manif es tation of degradation by the mi crof lora is demon strated in Pig. 6 which shows penetration of Mi croorganIsms through an opening on the a I eu ron e
eel) wall into the interior of the ceJl, The
opening on the wall was probably caused by me chanical rupture induced during proces si ng or
chewing.
!U_gesl!Q!LQLQ!!!_!;!@~L...!!L!h!:._rat large inte§.!!!!!:.
Exa minations of the contents of the large
.intestine revealed a dlfferenl patt e rn of oat
bran digestion. Unllke those present in the sa li vary - digested samples and .in the ileum digesta,
mo st aleurone cell walls wer e degraded while
there was no trace of any detectable sub- aleurone
cell wall structure (Fig . 7).
Residual bran
Materials were aostly coaponents of the outer
fibrous tissues, including t he tricho•es (the oat
hairs) (Pigs . Sa and Bb). The low digestibility
of these tissues probably resulted from their
chemical composition which incJudes ligni n , cutin
and phenolic acids (Fulcher, 1986) .
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The Microbial
population present in the
large intestine of the rat was undoubtedly one of
the aajor factors for degrading the aleurone and
sub -a leurone cell wall fibers.
In fact,
close
contact between the microflora and the cell wall
•aterials was observed in the LIC samples (Figs.
8a and 8b)
Although not identified individually,
the shapes of these microorganis•s, •ostly
spherical or elongated rods of various sizes and
lengths, were revealed by the present microscopic
examination (Fig. 9a). Previous studies on the
microflora of the large GI
tract suggest that
they are •ostly streptococci, bacteroides, and
lactobacilli, all of which can produce enzymes
capable of digesting cereals including fibers and
phyt!n (Hill,
1986 ; Nayini and Markakis, 1986).
PurtherJiore, i t appears that the bran •aterials
tended to attract certain types of microorganisms
(Fig. 9b) to their vicinity,
but more studies
would
be required in order to confirm this
observation ,
Many of the phytin globoids re11ained detect able, after degradation,
by staining with Acri flavine HCl
(Pig. lOa), or by viewing the same
sample under polarized light.
The polarizingmicroscopic examination also revealed the pres ence of other crysta 11 ine compounds that were
structurally different from the phytin globoids
and reacted differently to the staining reagent,
Toluidine Blue
(Fig.
lOb). Similar crystalline
structures (in much sraaller numbers) were detect ed in the feed saJaple, and they were presumably
the added 11ineral salts that canst! tuted part of
the rat diet
The above speculation was support ed by results obtained from energy dispersive Xray microanalysis of the feed, oat bran and the
LIC samples . The major elements that were detect ed in the feed
included sulfur,
phosphorus,
1Ragnesiu111 and calcium (Fig.
lla) while those
detected in oat bran were phosphorus, potassiu11,
sulfur, chlorine and silicon (Fig .
llb).
In
com par j son wj th the above samples,
the LIC con tained predominantly phosphorus and calcium,
in
addition to Rlagnesium, sulfur, potassium, ch lo rine and a trace of iron (Fig. llc).
These find ings were confirmed by data obtained from the
atomic absorption analysis which quantitatively

estimated the concentrations of some of the above
elements in the feed and in the LIC samples of
both rats.
All four major minerals (Ca, Mg, P,
and Fe) were at least ten times more concentrated
in the 111ctabolic waste products of the rats than
those
in the feed (Table 1) . Similar findings
Legends for figures on the opposite page
~·

A Congo Red stained section of oat bran
showing
the
co•position of its structural
components which include the seed coat layers
(between arrows,
upper left), the aleurone layer
(A) with its subcellular globoids (s•all arrows),
and the sub- aleurone layer (S) with its cellular
contents of prot ein bodjes (large arrows) and
starch granules (*). Photographed using PC I.
f.~. A
section of uncooked oat bran stained
with
IKI
to reveal the effect of salivary
digestion on the structure of starch (arrows).
Photographed using bright-! ield optics.
~· A section of cooked oat
bran stained with
Acriflavine HCl to reveal the presence of phytin
globoids
(arrows)
inside the aleurone cells.
Photographed using FC I I I.
E.!.&..:.._:!· A section of rat ileu11. contents stained
with Cellufluor, showing the partially digested
cell wall
(large arrows) of the sub-aleurone
layer and the relatively intact aleurone cell
wall
( s•all arrows) of oat bran. Photographed
using FC I.
Ei_g~. The
sa111e section (as in Fig . 4) stained
with Acridine Orange and viewed under polarized
light to reveal presence of phytin
globoids
(arrows) inside the aleurone layer of oat bran.
E.!.&.!.._!!. A
section of the rat ileum content
stained with Acridine
Orange,
revealing the
penetration of intestinal microorganisMs (arrows)
through an opening of
the cell wall into the
interior of the aleurone cell. Photographed using
FC I I.
K.!.&...:.._2. A section containing contents of the
large intestine of the rat stained with Acridine
Orange to show the partially digested aleurone
layer (A) of oat bran . Photographed using FC II.
UIL.....~· Sections
containing contents of the large
intestine of the rat
stained with Acridine
Orange, revealing the presence of the undigested
(a) outer bran layers and (b) the trichomes (*)
among the intestinal
microorganisJRs (arrows).
Photographed using FC I.
fj_g..:,._!,!. Different sections of the same contents
shown in Fig
8 stained the same way to reveal
the various forms of microorganisMs;
(a)
those
near the digested re•nants of the bran structural
components
(*)
are predominantly spherical or
oval rods
(small arrows) and (b) those away froRl
the bran materials are mainly long, slender rods
(large arrows). Photographed using FC I I.
lig.:._._!Q. Sections containing
contents of the
large intestine of the
rat stained with
(a)
Acriflavine
HCl to reveal
the presence
of
undigested phytin
globoids (arrows), and {b)
Toluidine Blue to reveal
the
presence of
crystalline
structures
(arrows).
Photographed
using PC I for {a) and polarizing optics for {b).

TABLE 1

Concentration of Selected Elements 1n
Rat Feed and Contents of the Large Intestine
%
Mg

%
p

%

"g/ g

Ca

K

Fe

A

6. 39

0 . 53

6 . 39

0. 66

906

B

6. 31

0 . 58

6 . 88

0. 59

752

c

0. 51

0 . 06

0.80

0. 52

60

Sample

A
B
C

o
o
o

%

LIC from rat 1
LIC from rat 2
feed for both rats

(Scale bars on the
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were reported In nn un related ~tu d y whi c h showed
that the lev e l s of several nlln ern l e l e• ents,
including Ca Rnd Pe , were higher in the f ecal
aatter than in the diet enri ch ed with co rn bran
(OJntzh et nl . , 1985).
The pre~ent result
indicates that •lneral ele Ments present In the
dJet were not co•pletely nbso rbed by the rets .
Althoueh It Is kno wn that cerea l phytete can
c hela te dietl'lry calciu111 to for111 ins oluble catch••
phosphate coMplexes (Taylor , 1965),
th e re Is no
direct evidence in the present study to suggest
that the detected crystolline structures MRY con teln t he above co111pJexes
Jlowr.ver , •orf! Jnvesti eattone are currently being conducted in order to
deter•ine
the che111l cal coMpos 1 t I on of these
etructurea and t he effe ct of low and h lgh l eve ls
of dietary cereal fiber on •lnenl nbsorpttnn Jn
rata .
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de11onstrates that the
The present study
digestive breakdown of various oat bran coMpo nents differs , depending on the structural and
cheMi c al co11poaltt ons of the coMponent and its
loc ation Jn the gastrointestinal syetea . The euba leurone lnyer , whi ch had high polyeaccharide
concen trations a ninly In the ror MS or starch and
B- glucan,
wa s most susceptible to the ho111t ' a di gest Jve enzy11es In th e salIva (tor the star ch
hydrolysis) and Jn the proxiMal lnteetlnal tract
(for the B- glucftn - rl c h cell wall deerad ation) .
Oegradations of 11ost of the aleurone cell wall
and so11e of the phyt1n globolds occurred chiefly
Jn
the lower Intestine where the •icrot'lora
played a significant role In degrading t he above
111'1 terta l~ .
In contrast with the aleurone and
sub - aleurone l11yers, the outer bran tissue s or
oots (including the tricho• es and the pericarp)
were
Mos tly undigested by the an1 Mala.
In
add1tlon, the present study aho revealed that
co ntents of th e large Intestine ot the rats
contained numerous lnsoluble · crystalllne struc tures and had high Min era l concentratlon e , parti cu larly phosphorus and calclua.
The tindine:s
aua-a-est that the a tneral supple•ent that wae incorporated in the diet was not co•pletely absorbed by the rata .
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Discus sio n wi th Reviewers
Dintzis :
I t would
be helpful for the
authors to co nuae nt about the 22 . 7 ~ oat bra n
co nt e nt i n the diet , es pecially si nce I , and
probably •ost readers , do not know if t hi s is a
high dose of bran. Was t he transit the for t he
rats abo ut nona l once they a djuste d to the di et?
I ask this be c aus e t he fermentation of oat bran
in the gut should be de pe nden t on tra nsit t i111es
and
t he reader should know i f ph ysiologica l
status of t he ra ts was abo ut no r11a l.
Auth o r s:
Oat bra n conta in s a bout 17% di etary
fiber ( Mongeau R , Brassard R. 1986 . J. Food Sc i .
51:1333 - 1336 .) , and its pre se nce in the feed
(22 . 7'%)
a11ounts to a to t a l co nce nt r ation of
approximately 4'% fiber . This is not a h igh dose
of bran . The i ntestinal transit ti•e for the
anillaJs averaged about 13- 15 h . not significantly
different fro• that of rats fed with a di et conta ining ra t c how .
P . R.

Hill MJ . (1 986) . MetabolisM o f carbohydrates and
glycosides .
In : Mi cro bi al Meta bolis 111 in the
Digestive Tract. Hi ll MJ ( e d .), CRC Press, Boca
Raton, PL. P.31 - 42 .
Kirby RW , Anderson JW, Sieling B, Rees DE , Chen
WJL , Miller RE, Kay RM . (1981). Oat bran intake
selectively lowe rs se ru• low- densit y l ipoprotei n
c hole ste ro l concen t ra ti o n s of hyperc ho lesterol eaic aen . A•er . J. Clin. Nu tr . 2!:824 - 829.
Morris ER . (1986) . Phytate and d ieta ry Mineral
bioavailabilit y.
ln: Phytic Acid : Che111istry &:
Appli ca tions . Graf E (ed . ),
Pilatu s
Press,
Minneapolis, MN. P . 57 - 76 .
Nayini NR , Markak i s P.
(1986). Phytases.
In:
Phytic Aci d: Chea i s try & Applications . Graf E
(ed . ) , Pilatus Pres ~. Minneapolis, MN . P . lOl - 118.

F . R. Ointzl s: Could the authors give the reader
so•e esti11ate of the wel2h t percent of ' oat bran'
recovered fro• LJC?

149

S.H. Yiu and R.

r~ongeau

~t h ors:

About 20.9% ± 1. 7% of the ingested oat
fiber was recovered from LIC of t he five rats.

aay be degraded by
ti ne.

P.R. Dintzis: The peaks in Pigs. lla and llb are
relatively convincing. The detectability of Mg
and Ca in Fig. 11c seems questionable. 1 wonder
if 1 t would be appropriate to include a blank for
a control, i.e. , just the EDX spectra taken from
a s 11 ver paste coated carbo n stub?
Author s:
Both Mg and Ca peaks consistently
appeared in the X- ray spectra of the LIC sa•ples,
but were absent fro11 the spectra taken fro11 a
carbon coated specimen stub.
The X-ray spectra
of the background are not shown because there was
no evidence of any spectral interferences.

L.U. Tho•pson: The presence of crystalline salts
in the LIC suggests that the .tnerals wh ich were
added to the diet were not COMpletely solubilized
in the gastrointestinal tract
To confir111 this,
did you try testing in vitro the solubility of
the 111ineral aix under the pH conditions of the GI
tract?
~thor§_:
No, we did not test the solubility of
the mineral •lx under the pH conditions (around
pH 6.8-7) of the Gl tract.
Since its presence
was detected in sa!Aples which had been fixed in
glutaraldehyde at pH 6.8- 7, we assumed that its
so lubi 1 i ty was low.

D.J
Gallant:
The peak/background ratio (Pig.
Ilc) seW7e ry high, co•par ing to Pigs . lla and
llb, and is more co11parable to a bran
(or
aleurone layer) spectrua than a spectrum fro111
organic - ric h aaterial.
General I y, the spectrua
of bran is about ten tiMes richer in K and P (and
in Mg) than the other ele11ents, but it does not
appear so i n Pig. llb. Could you explain that?
What was the surface topography of your sample
during the analysis?
Authors :
X- ray spectra taken from protein bodies
aleurone layer of freeze - fractured oat
grains contained the 3 u.ajor peaks (at a ratJo of
P:K: Mg/4:3:1,
results are not presented in this
paper), and all of them had high peak/background
ratios, similar to what you suggested. However,
si mil ar spectral profiles were not recorded on
sa •ples take n fro• the feed or processed oat bran
due to the presence of starch granules whi ch
greatly • asked details of the bran structures.
No attempt was made to extract the bran from the
sa111ples for the sake of preserving as
•uch
che•ical and structural contents as possible .
The background count s shown in Pigs. lla , llb a nd
llc are si111ilar but are presented at different
scales. The low peak / background 1·attos shown in
Figs . lla and lJb were probably due to the
presence of elements at low co ncentrations.

or--u;

F.R. Dintzis:
I find H !'llost int erest ing t hat
't~-phyti~loboids are still detectable after
passage through the small intestine where most
111ineral absorptio n is thought to occur.
I do
hope the authors are obtaining some 11easure of
t'ecoverable globoid content in digesta retrieved
fro m t he ileum and perhaps frail the colon.
Authors:
We did not try extracting undigested
g!ObOtds from the digesta but we did !Ieasure the
phytate content in LIC using the AOAC method.
About 60% of the ingested phytate was recovered
in the LIC of the rats.

enzy•es

present in the intes -

L.U. Thoapson·
What was
the (phytic acid}
[calciua) I
(zinc) 111olar ratio in the diet?
Would you expect the results to be different if
the calciu• content was •ore or l ess?
Authors:
The molar ratio was [ 5.97) [150] I
[0.84] = 1066 .
The high ratio may affect the
zinc absorption. The apparent absorption of Zn
in the five rats was - 5 . 1% . Different results
could be expected if the calciull content was
changed; the higher the value of the ratio, the
lower the absorption of Zn.
~-T homps on:
Zinc, which is known to tightly
bind to phy tic acid, was not detected in the LIC
or ileum contents.
Does it mean than zinc was
not preferentially bound by phytic acid in oat
bran, or was the zinc concentration just below
the sensitivity of the
aethods
used
for
Measurement?
Authors:
Atomic absorption spectroscopy revea led
that the zinc
content pres e nt 1n the f eca 1
matters of the five rats was 879 ± 56 \.l g / g fecal
dry weight . It is possib le to detect very low
levels (<0.1%) of zinc by x - ray r~i croa nalysis
(Chandler et al. 1977 . Hlstochea .
J . 9:103)
provided that ideal operating conditions. s~ch as
higher
accelerating voltage (>20 keV), thin
specimen, and longer tiMe of analysis (>100 s).
are met . The present study focussed on detecting
the presen ce of lighter elements, such as P, K,
and Ca.
No attempt was mad e to det ect Zn either
•lcroscopically or via X- ray mi croa nalysis.

Can you conclude from your data
that phytic acid does not
affect the fiber
breakdown in t he GI tract?
Aut!!Q.!:.§.:
About 60% of the ingested phytate and
<20% of the original oat fiber were recovered
from
the LIC samples (111easured by t he AOAC
11ethods).
Neither the above result nor data
pre sen ted
in
this study ca n cone 1ude the
relationship between
phytic
acid and fiber
degradation
h.:..~-.!!!.~~2.!!:

h~~Q!!Q!Qn:
What happened to the phytic acid
whi c h no longer is detectable in the bran?
Authors: Phytic acid may for111 soluble or insolu ..
bl e complexes with 11inerals . Alternatively,
it
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Abstr:.tct

Introd uction

The phys ica l and mo lecul ar properties of the polymo rphi sm
o f stearic ac id. oleic acid and SOS (1.3-distearoyl-2-olcoyl glycerol) are com parative ly di!<~cu~~cd. Temperature depe nde nce

The physical a nd mol ec ul ar properties o f lipid polymorphs
have drawn the a ttention of many investigators in the fields of
biological scie nce s and oil chemica l techno logy. This is due to

the Fact that the pol ymorphism or lipids is highly releva nt in

of Gibbs energy (G·T relation) of three polymorphs of stearic
acid : A. 8 and C. revea led close re lationships to eac h oth er.

biologica l sys te ms, and al so decisive to the phys ica l properti es
o f food s. cosmetics, etc .. which comprise lipid s as the main
co mpound~ of solid fat s
The polymorph ism may be dbcussed in 1c rms o f the rmody·
namic stability. c rys1al packing and molecu lar confo rmation as
far as the phys ica l aspect s arc co nce rned . Th e fundamcnlal s of
the macroscopic ICaturcs of polymorphism, such as morphology.
solidifi ca ti on kinetics and so on. may be explained in term s of
these phy~ica l a~pccl'i. Each of the above fac to rs is highly dcpen·
de nt o n the molecular species which co n ~ titut c 1hc li pid. under
a g iven set of cx1e rnal condi1 ions. This is eas il y seen if one com·
pares the melting points o f stea ric acid (69.6°C) wi th ole ic ac id
(16.2°C of !he hig iHnclting polymorph). Obviously. this differ·
e ncc is the re:-.ult o f a drastic redut·tio n in the cha in -packing
e ne rgy by the inmxluction of one l'is·doublc bond at the ccn·
1ral posi1ion of the polymcthylcnc cha in .
Very recently, many investigators have tried 10 e lucidate the
physical and molecular prope rt ies of some princ ipal fatty acids
and triglyccr idcs. Particul<~r effort has been devoted to the lipids
contai ning unsa wrated fa tty ac id!:. as the mai n and fun ctiona ll y
active constitue nts. Acco rd ingly. thi s paper gives a brief review
of the polymorphi sm of stea ric acid and o leic acid. bei ng repre·
sc ntati ve o f the saturated and un:,aturated fatt y acids. rcspcc·
ti ve ly. Furthe rmore. new findi ngs are presen ted o n the pol y·
morphi sm of SOS. 1,3-d istca roy l-2·oleoy ltrig lyccr ide. as rcpre·
scntati ve o f the sy mmetri c S10S 1 (51: saturat ed ac id . 0: oleic
acid) triglyccrides. FirsL we briefly discu:-.s some conceptual
and methodo logical background:-.

The molecul ar structures subtl y differed in these polymorph s.
In comrast. three pol ymorphs of oleic acid . a . Band )'. exhibited remarkably diflerent characte ristics. G-T relat ion showed
more d ivers ifi ed ICatures: in pa rti cular. the melling points of
a and (3 diffe r by 3°C. An ordcr·diso rdcr transf( mllatio n oc·
currcd betwee n a ancl -y, as a result of confOrmational di s·
orde ring in the ponion of the ole ic acid molecul e from the doubl e
bond to the terminal methyl group in a. Finally. five polymorph:-.
of SOS we re new ly prese nted , a, "f, pse udo·W . fl1 and 13 tX· ray spectra and the rmal behaviors proved thai the above li ve
fo rm s arc the independe nt poly mo rphs. The author disc u:-.scd
the multipl e po lymo rphi sm of SOS. taking in to accoun1 the
lame ll ar so rting of stea ric/oleic acid!> c hain:. accompanied with
the change in the c hai n length !.tructure. In relatton to the poly·
mo rph ism of SOS and othe r 1.3-disaturatcd - l ·tlleoyl glyce·
rides. the autho r emphas izes 1he possib ili1 y thai th.:: convc r:-.ion
from Fo rm V 10 VI in cocoa buller might be ca used princi pall y
thro ugh the po lymorphi c trans!Ormalion from (3~ to (3 1 of the
hig he r· me lling fa1 frac tio ns of cocoa butter.

Initial paper rec eived Marc h 16, 1987
Manuscript received November 5, 1987
Direc t inquiries to K. Sato
Telephone number: 81 -84 9-2 4- 6211x3 22

Poly mo r p hism : T hcr mod)•namic Stabil ity
a nd Crysla llogrd ph)'
In o rder to discuss the physical properties of different polymorphic forms of certain fatty acids and triglyce rides. a preci~e
knowledge of thermodynami c stabili!y is pre requi site. Fo r thi s
purpose. measurements o n the solub ili1ics, melting points and
transfo rmat ion paLhways of all the po ly morphs arc most cha rac·
tc ri stic. The less slab le polymorphs melt at lowe r tempera tures,

Ke)·n·ords: Lipid. pol ymorphbm . s1earic acid, ole ic acid. 1ri·
g lycer ide, un saturated fatt y acid . thermodynamical stabi lit y.
phase transformm ion , differential scanning calorime1ry. cocoa
butter.
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are more soluble in so lvent , and transform to more stable o nes
e ither via solid-state (Verma and Krishna . 1966) o r via solution mediated (Ca rdew a nd Davey, 1985) or via me lt-med iated tran si tion s (Sato and Kuroda , 1987). The latter two transformation s
may actually occu r if the so lid-state transfOrmation is kinetically
hindered. Many long-chain compounds reveal these transformations. Know ing the thermal data, one may draw the relationsh ip between the thermodynamic stability using a crystal Gibbs
energy (G) and temperature (T) diagram
The crysta llographic aspects of the polymorphism of fatty
acids and tr iglycerides are reflected in the lateral packing and
lamella stacking of the hydrocarbon chains, which are most easi ly measured by X- ray diffractometry or by Infrared (IR) and
Raman spectroscopy. Indicative of the latera l packi ng, characterized by the subce ll struct ure, are the X-ray short spaci ngs.
These have so far exhibited three specific subcell s; orthorhombic perpend icular (0 1 ) , triclinic parallel (Tp) and pseudoorthorhombic parallel (0 f) as shown in Fig. I (Abrahamsson
et a!. , IW8). In addition , a hexagonal subcel\ is reported to occur
in highl y metastable states (Abrahamsson et al., 1978) . The saturated aliphatic chains are principally packed in 0 1 and T;,1 according to the mode of crystallization and thermodynamic stability, whereas 0 ',; is reported for the low-temperature polymorph
of o leic acid (Ab raham sson et al. , 1962). Hence thi s may be
o ne of the subcells characteri st ic to the cis-un saturated acyl
chain .
The lamellar stacking is indicated by the X-ray long spaci ng
spectrum which equal s the inter-lamellar distance between the
terminal C H3 groups of the lipid lamellae . The long spaci ng
also can be a measure of the chain length structure, in particular,
of triglycerides (S mall , 1986). Normal triglyce ridcs , such as
monosaturated acids, reveal a double chain length structure
where the long spaci ng equa ls the length of two fatty acids and
one glycerol g roup. A change from the double to triple chain
length structures occurs when the fatty acid moieti es become
mixed : i.e., large differences in the numbers o f carbon atoms.
(Koda li et al. , \984), saturated/ unsat urated mixed acids. (Lu tton. 1972) etc. The triple chain length struct ure is caused by
a sorting of one chain acid fro m the other two cha in acids (Fig.
2). Thus. the long spacing equals the sum of the lengths of three
fatty acids and two glyce rol groups. Even a six chain length
structure is proposed (Fahey et al.. 1985), consisting of two triple
chain length lamellae in a polytypic relation (Vem1a and Krishna ,

As for the thermodynamic stab ility, the so lubilities of A , B
and C were measu red independently (Table I) (Beckmann et
a\. , 1984) . B has the lowest solubility below 32 oC (Sato ct a\. ,
1985) , whereas Cis the least so luble above that temperature
Form A has a higher solubility than the lowest value at all temperatures. Accordingly, the thermodynamic stab ility of the A,
B and C polymorphs of steari c acid may be depicted by the GT diagram shown in Fig. 3. The G values of 8 and C are the
same around 32oC. Th is is appare ntl y contradi ctory to the
features of the solid-state transformation. Stenhagen and von
Sydow (1953) reponed that the tra nsformation temperatures on
heating from A to C, and from B to C are 54°C and 46 °C,
respectively. Another report (Garti eta\ ., 1980) says that B transforms to Cat 54°C. All these values are higher than the actual
cross ing points of the Gibbs energies of A , Band C. This is
attri buted to a kinetic hindrance of the transformation in the
solid -state. So, the actual polymorph ic transformation in the
crystal may depend on the heating rate, which differs in the above
two papers.
Structural analyses using single crysta ls of B and C showed
that the hydrocarbon chains of Ca re in the all-trans conformation (Malta et al. , 1971), whereas the C1 - C 3 ca rbon s closest to
the carboxy l group of Bare in gauche conformation (Goto and
Asada , 1978)

Oleic Acid
Three polymorphs of o leic acid. a, {3 and -y, were recently
confirmed by means of DS C, X-ray diffraction (S uzuki eta\.,
1985), IR and Raman spectroscopy (Kobayashi et a\., 1986) .
The transformation circuit of the three polymorph s is depicted
in Fig. 4 (Sato and Suzuki , 1986). a is c rysta llized by chilling
the melt, although it is thermodynamically metastab le. The
preferred crysta lli zati on and metastability for a resemble those
of a of glyceri des. a and)' undergo a reversible tran sformation
in the so lid-state at - 2.2 °C on heating. 1' is the form on wh ich
the stru ctural dete rmination was done (Abrahamsson et a\.,
1962). {3 , the most stable polymorph , crysta llizes with very slow
rates, both from solution and the melt. There is no solid-state
transformation from a (or )') to {3 in th e melt-grow n c rystal due
to a ste ri c hindrance. Instead , the so lution mediates the conversion. Lutton's high-melting form (Lutton , 1946) is equivalent
to i3 in both the melting poi nt and X-ray diffraction spectra
a, however, is contradictory to his X-ray data on the low-melting
fOrm , although the melting point is the same .
Table 2 summarizes the melting points and the entha lpy and
entropy of fu sion , dissolution and transformation . Solubility
measurement (Sato and Suzuki, 1986) made it possible to dep ict
the G-T relationship as shown in Fig. 5. The G values of)' and
{3 arc parallel to eac h other, whereas those off] and a come
close together with increasing temperature. Far below their
crossing point, they melt. This multiple melting is characteristic
of o leic acid , and is not observed in saturated fatty acids.
The morphology and X-ray diffraction patterns of the three
forms are shown in Figs. 6 and 7. All the crystals were of a
tabular shape with a well -developed basal surface in a slightl y
supersaturated solution. a reveal s a slender hexagonal shape,
while {3 shows a truncated lozenge shape. The truncat ion occurs
nonnal to the bi sectrix of 55°. )' reveals a rectangular shape which
is consistent with the subcel\ structure of 0 ' ;,1 (Abrahamsson

1966) .
Last, molecular information about the hydrocarbon portions
of the molecule s can be elucidated with IR , Raman, high-resolution NMR, etc. The data on chain pack ing within the lamellar
plane, inter-lamella r end packing, configuration and conformation of the ca rbon chains and hydrogen bonding, etc., obtained
with these spectroscopic method s are not on ly complimentary
to those from X-ray diffraction but also diagnostic of subtle structural properties of the polymorphi sm on a molecular level.

Stearic Acid
Three typical polymorphs of stearic ac id , A , Band C, have
been known for 30 years (von Sydow, 1956). The fourth form ,
E, was found later by the spectroscopic methods (Holland and
Nie lsen, 1962) . Form A is triclinic, and B, C and E arc monoclinic. The subcell structures of B and C are reported to be 01 .

el a!.. 1962). The morphology of the three !arms changes
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Table 2. Entha lpy and entrop) nf fusion , dissolution and solid-slate transform ation of a, B ~md "( ))()1·morphs of oleic acid (S uzuki rt a l.: 1985, S:.1to and Suzuki: 1986).
fu sion

T (OC)

13.3

IIH (kl i ma\ )

39.6
138.4

LIS (J / mo l/ K)

tnmsitim

dissolution
yl

polymorph
\6 .2
5 1.9
179 .3

13'

"b

(3b

-y-a

\00

100

59.4

76.0

- 2.2
8.71

360

352

222.9

279 .7

32. '

a. dccanc. b. acetonitrile .
dmstica lly to need le shape when the supersaturation of solution
or supercooling is inc reased. The short spacing spectra of 'Y
corresponds to the subcell ofO ', . The other two forms reveal
remarkably different patterns, impl yi ng different subce ll struc tures. The long spacings are 4.34 nm (a) , 4.12 nm ({i) and 4 .19
nm (-y).
Vibr.uional spectroscopic studies on a, {3 and 'Y forms of oleic
ac id have resulted in thefollowing (Kobayashi et al.. 1986): (a)
the "(-a transformatio n is of an order ("y)-disordcr (a) type which
is accompan ied by a conformationa l disorderi ng in the ponion
of al iphatic c hain between the double bond and the terminal
methyl group (methyl-sided chain). The most conspicuous spectra l change is seen in the low-frequency Rama n spectrum (Fig.
Sa). All the sharp bands of 'Y collapse to a broad band in o: due
to a loss of translat ional sy mmetry. This originates from a disordered structure. Additionally, a peculiarity, indicating the same
conformational di sorde ring, appeared in two strong bands due
to a C-C stretching mode. This mode is reflected in a single
band for satura ted ac id s. Afte r the "(-a transition , the 1125
cm- t band of melhyl-sided chain drastica ll y dec reased in intens ity. whereas the 1095 cm ~ t band due to the carboxy l-s ided
chain remained unchanged. (Fig. 8b). Thu ~. introduction of one
cis-double bond at the central positi on of the alkyl chain in duces an increase in the cha in mobility. rc:-.uhing in a new type
of transformation of an interfacial melting. Conformational disorde ring of this kind was not detectable in fj. (b) The co nformation of the polymethylene c hai ns of 'Y :tnd {3 is all -trans. It
is likely that gauche conformations occur in the diso rde red
methyl-s ided chain of a. (c) {3 and 'Y differ most in the chanlctcristic bands of the olefin groups: skew-d,\·-skew· fo r 'Y· whereas
{3 may mke skew-cis-skew type conformation . (d) As for the
subcell structure, 'Y shows typical spectral bands characteristi c
of T,.. Th is supports the O '..r subce ll , beca use O ',. may be in cl uded in the category of Tff. The {3 form assumes a specific
subcell structu re diffe ring from O ', and T, according to C- C
progressive bands reflected in IR spectra. The in te rred subcell
of {3 suggests that the C-C zigzag planes of ne ighbor ing cha ins
are not parallel to each other but. instead . so mewhat incl ined.
It is wonh noting that the transformation of interfacial melting
of "(-a of oleic acid was also observed in ')'-a of palmitole ic
acid and in "( -a of erucic acid (Suzuki et at.. to be ~ ubmitt ed).
This indicates a cha racteri stic kind of chain diso rdering in unsaturated fatty ac ids having one cis-doub le bond.
Comparing the polymorphi sm of stear ic and oleic ac ids. diffe re nces are seen both in the c rysta l structu res and the thermal
behaviors as described above. In addition , the kinetic behaviors

(a)

y

y

60

•o

20

0

wave number/cm-

1

Fig. 8. Raman spectra of a and 'Y 1>olymorphs o· oleic acid ,
(a) low-frequency bands, (b) C-C stretc hing bmds (Kobayas hi et al. , 1986).

of crysta lliza tion are different. The polymorph s o stea ric acid
c rystallize in a different manner. depe nding on sovent. supersaturation and temperature. The quantitati ve diffeenccs in the
nucleation rate (Sato and Boistclle. 1984) and the cystal growth
(Beckmann and Boistelle. 1985) are up to approxmate ly 50 %
under normal condi tions of crysta ll ization . In the :ase of ole ic
acid. however. the rate of cryst<l ll iza tion of a ani {3 are ve ry
difle rent. For example, a exc lusive ly solidifies fom the melt
wi th moderate cooling rates. e.g., 2cC/min as examncd by DSC.
On the contra ry, only {3 occu rs when the coo lingmte is lower
than 0.05 cC/min (Suzuki et al., 1985). These diflhmces demonstrate mo re di ve rsified cha rac teri sti cs of both the hcrmodynamics and kinetics of the pol ymorphi sm of oleic acil. From thi s.
one may conclude th at the compl ex ity ca n exist in the polymorphism of mixed satu rated/unsaturated triglycerites. Independent or coopera ti ve t·hanges in the c hai n packi ng a1d molecular
motions of the satu mted and unsaturated alkyl gro1ps are likely
to occur while sharing the common glyce rol batkbonc. This
is discussed in the next section .

sos
The poly morphism of triglyccrides has been sudied exte nstively because of their importa nce in lipid chemstry (Small ,
1986). The poly morphi sm of monosaturated at idtriglycerides
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Table 3. Lo ng spacing (LS , nm), melting 1>oint (T 111 , °C) and cnt halpJ' of fusion (.6.Hr: kJ /mol) of tin!
J>O lymorphs of SOS obtained in the ()resent study and correspond ing pol)'morphs in the litera t ure.
literature

JJresent st ud)'
form

purity

LS

9 1%

5.05

28*

99%

5.05

23.5

Tm

ll Hr

(a)

(b)

(c)

(d)

(e)

IV

IV

9 1%

7.37

37*

99%

7 .35

35.4

91%

7.06

38*

99 %

7. 00

36.5

9 1%

6 .50

42*

99 %

6.50

4 1.0

91 %

6.50

43*

99 %

6.50

43.0

II

(I)

{3'

sub{3

{3"

{3'

{3'

{3

{3

sub{J

98.5

II

pse udo-ff '
104 .8

/l

{3

143.0

{3

{3

151.0

(a) Daubert and Clarke. 1944). (b) Filer ct al. , ( 1946). (c) Lull on and Jac kson ( 1950). (d) Malkin and Wil so n,
1949). (c) Lavery ( 1958), (f) Landmann et al.. ( 1960).
(*) Exami ned by view ing tran sparency tem perature of sam pl e with eyes

has been we ll establi shed. as far as the thermodynamic properti es a rc co ncerned . In the literature, however. results arc rather
contradictory for mixed satu rated/unsaturated ac id triglyccrides.
despite the importance of these compounds in confectionery fa ts
For the sa me compound. incons isten t results are repor1ed for
the number and nomenclature of polymorphs. structu res of the
subcel l and chai n le ngth. melting po ints and thennal behav iors.
etc. Thi s is show n in Table 3 which summarizes the nomenclature and the long spac ing data of the polymorphs of SOS. A lthough not prese nted here. there is a wide variat ion in the melting poi nt. Th is confu sio n might be attribured to rhe puriry of
sample empl oyed. or exper imental method s a nd in strumen ts.
The authors have recently studied the polymorphism of a
se ri es of StOSt triglycerides (S t: C 16 , POP ; C", SOS: C,o,
AOA. and Cn. BOB). Particu lar concern was give n to purity
of the sa mp les a nd tec hniques for identificati on of indi vidual
polymofllhs. Two sa mples, lower-purity (91%) and higher-purity
(99.0%). were examined for each compound using the same thermal treatmen ts to reduce the effect of purity. Polymorphs we re
identified by the ir characteristic X- ray diffraction patte rn after
obtai ning a si ngle melting or soli dification peak. In taki ng these
data , two thermal treatments were used; transformation from
the polymorphs whi ch we re directly solidified fro m the me lt
at va rious temperatures and the mel t-mediated transformation.
The latte r tra nsformation is a re-solid ifica tion fro m the melt
whic h was formed by rapidly raising the temperature to just
above the melting poi nt of a less stab le form (Sato and Kuroda ,
1987). The X- ray and DSC measurements were ca rried o ut
simultaneously for each sample during the above the rmal treatments. Polymorphs were named by taking into account the

character istic X-ray diffraction patterns, DSC data. and related
prev ious work . Thi s pape r presen ts a summ ary of new resu lts
of SOS and POP (Sato et al. . subm itted to J. Am. Oil Chem.
Soc.) and othe r StOSt compounds (Wa ng e t al. , 1987).
Five polymorphs of SOS we re obta ined at ambie nt tempe ratures (above I5°C): a, "f, pseudo-ff'. !32 and /3 1 • all of which
occurred both in higher- a nd lowe r-purity sam ples. Additionally, the lower-purity sa mples conta in another intermediate
polymorph having X-ray short spacing spec tra, e.g., three peaks
of 0.435 nm , 0.419 nm , a nd 0.393 nm , sim ilar to ff1' of tr istearin (S impson and Hagemann , 1982). Thi s form , however.
did not appea r in the highe r-purity sam ples a nd shou ld be disregarded as a pol ymorph of pure SOS
Each polymorph has the following cha rac teristics: (a) DSC
(2 °C/mi n) reveals a single melting peak except for a whose
melting peak (around 23 °C) was followed by so lidifi cation of
)'. (b) Thermal treatments ex hibited successive irreversible
tra nsformations in the solid-state. (c) The X- ray short spac ings
revea l unique patte rns for all polymorphs as shown in Fig. 9.
Hig her- and lower-purity samples gave identical short spacing
spectra and there was no doubt in discriminating between spec ifi c spectra of a,)', pseudo-/) ' . Thi s is a lso true for long spacings. melting po ints and enthalpies of fus ion . .6. Hr (Tabl e 3).
The di stinction between ff2 and t3 1 is subt le. yet it has an important releva ncy. The short spac ings. me lting points and .6.H r
are distinclly different but the long spacings have the sa me value.
For short spac ings. a strong peak for 0.458 nm is common, but
the intensity ratios of other pea ks show a clear contrast. Furthermore. the two peaks in /32 denoted by ar rows (0.400 nm and
0.390 nm) are split into two in /3, and a peak in i12 denoted by
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X'

a fill ed triang le (0.375 nm) disappeared in {3 1 • The difference
in 82 and Bt is also manifest in the me hing curves examined
by DSC. Figure 10 d ep icts DSC curves o f the five polymorphs
of SOS recorded while heating (2°C/min). When a sam pl e
revealing the superimposed X-ray short spac ing spectra of ff2
and 13 t was heated , d oubl e melting peaks we re detected. Subsequent results confirmed that the higher-melting peak increased
in size as the durati on of tempering increased .
Typical the rmal treatments for obtaini ng the fi ve polymorph s
of SOS are as follows . a is formed by chilling t he me lt bel ow
23 °C. 'Y is for med ei ther by tran sformation from a (e.g ., over
12 hat l7 °C) or by the solidification from the me lt in a tempe rature rangeof24 -28°C. The melt-mediated transformalion from
a also yielded 'Y in the same temperature range. 'Y transfo rmed
to pseudo-8' by tempe ring over I h at 30 °C. The melt also
solidified into pseudo-ff' around 29-36°C. although very slowly.
The transformations of pseudo-.8' to .82 and IJ2 to f3t occ urred
ove r 10 hat 35°C and II days at 40°C, respecti ve ly. These dam
confirm the five ind iv idual pol ymorphs of SOS.
The chain length s tructure of a is double, Fig. 2, but in contrast triple chain length structures are revea led in the other fou r
fo rms. T his means that a conversio n in the chain length structure occurs during the transfo rmation in the solid-state.
Analysis of other StOSt compounds show that AOA and BOB
possess the same five polymorphs as SOS with rega rd to X-ray
short and long spac ings (Wang et al .. 1987). POP. howeve r, di spl ayed unu sual behavior. a, "f, {32 and 13t are found as in al\
the StOSt compounds , but three more intermed iate form s we re
a lso obta ined. They were named 0, pseudo-{32 and psc udo/31. The latter two form s show the X-ray s hort s pac ing spectra
si milar to pseudo-/3' of SOS, but subtl e differences were also
observed. Furthermore, their chain length stru cture was dou ble chain-length . Pseudo-l32' and pseudo-13 1 ' we re formed
either via the transformation from 'Y or via the melt solid ifi cation and differed in melting point by about 2. 5 °C. Pure 0 occu rred during the me lt solidification in a narrow range of the
so lid ification temperature. Co nsequ ently a total of seven polymorphs were obta ined in POP.
The desc ription of the polymorph ism of the StOSt compound s is concluded with just ificatio ns fo r the nomenclature
of the different polymorphs. a corresponds to what is commonly
seen in glyce rides, being characterized by a sing le sho rt spac ing
around 0.42 nm . 'Y has a strong short spaci ng line at 0.472 nm ,
which is not see n in any po lymorphs of saturated fatt y acids
and glyce rides. The refo re names of {3' (Fil er et al. , 1946) , {3' '
( Malkin and Wil son , 1949) , and sub-{3 (Lutton and Jackson ,
1950, Lavery, 1958) may be inadeq uate . Thi s peak was observed
o nlyin"(ofoleicac id(Fig. 7) . Thcnameofp scudo·.B' is used
because the short spacing spectra are similar to paltern s of .B'
fo r StStSt , and beca use Gibon et a l. (1986) gave the same name
to the polymo rph of POP having features equi valent in the prese nt study. Bt a nd {32 have the X-ray s hort spacings similar to
.8 of StStSt with increasing subscripts denoting dec reasi ng melting point. Use of Roman numeral s (1 , II , etc .. ) ( Daubert and
Clarke, 1944 ; Landmann et al. , 1960), o r of A. B, etc., for POP
( Loveg re n et al. , 1971) is disregarded since they are far from
the nomenclature trad itionall y employed in glyce rides.
At present. the s tructures of the subce ll and unit cell, and
the mo lecular conformatio ns of the StOSt poly morphs a re unknown . Due to subt le diffe rences in X-ray diffraction patterns,
slight var iations in molecular structure are possible. In this

' .. J

'JirJ~
P'..m-p'

II

~'·'"

P,

'J~'·"

_____}" vvl_'

Fig. 9. X-ra)' s hort s pacing s pectra of a, "f, J>seudo-{3' . f3z
a nd f3 t of SOS. After Ihe transformation , two peaks of 13 2
denoted by arrows s plit into two, a nd a peak denoted by a
fill ed triangle disa ppeared. (unit = nm)

fig. 10. DSC curves (on heating: 2°C/ min) of a -melting/"(solidification , melting of pseu do-,8' , {3 2 , {3 1 and th e sam ple
w hich was formed during the transformation from {3 2 to {1 1•
regard. a poss ible variatio n may be a change within the saturated
or unsaturated lame ll ae wh ich a re separated into the different
layers in the tripl e chain length structure. Since the polymorphic behaviors of the un saturated and saturated ac id s arc quite
d iffere nt , it is highl y fea sible tha t mu lti ple polymorphic form s
of S10S 1 may occ ur due to independent or cooperative molecular changes in the two different lamell ae. Vibrational spectroscopic measurements and X-ray structure anal yses usi ng single
crystal s should g ive decis ive data. Work is in progress.
Cocoa Butter Polymorphs
The peaks of medium strength in the X-ray patterns of {32 and
,8 1 are very sim ilar to those of Forms V and V I. respectively.
o f cocoa butter (Fig. II) (Wille and Lutton: 1966, Gart i et al. ,
1986) . Furthermore, the difference in the melting poi nt is of
the same order of magnitude: 2 .5°( betwee n Fo rms V and VI
of cocoa butte r (Wille and Lutto n, 1966) and 2.2°C between
132 and {3 1 (Table 3) .
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cocoo butter

To verify these simi larit ies. the polymorphism of a mixture
of POP/ POS/SOS (wt % rati o. 18.2/47.8/34.0: % purity: POP,
99.2 : SOS. 99.0: POS, 98.3) was examined usi ng the thermal
treatments previously described (Sato et al .. unpublished). The
same DSC a nd X ~ ray short spacing patterns were obtained as
those of {jz and {3 1 of SOS and POP. The me lt ing po ints o f {jz
and {3 1 of the mi xtu re were 33.2 °C and 35.3°C. respectively.
In addit ion, mix tures of POS/SOS wi th a lower conten t of POS.
or without POS. also revealed essem ially the same results. From
this it is concluded thai the {jz and {3 1 polymorph s are charac ~
tcristic forms in pure StOSt triglycerides and their mixtures. and
that the transformation of Forms V - VI in cocoa butte r is the
result of a pol ymorphic transformation of the StOSt fractions
from {3, to {3 Wille and Lutotn (1966) compared the X-ray data
of a mixture of SOS (25%). POS (50%) and SOO (25%). and
reported the si milarity of its paue rn to the {3 polymorph of SOS
and POP. No di stinction WdS made, howeve r. between "two
forms of the two triglycerides.
As for the mechanism of the V - VI transition in cocoa but ~
ter, the prese nt consideration agrees bener wi th ideas based on
the ~o lid -statc tmnsfonnati on (Gani et al.. 1986). yet contradicts
those which assume that the V - VI change is caw)cd by the
separation of a portion rich in high-mehing fat from a lowe rme lting portion of cocoa butter (Man ning and Dimick. 1985).
Obviously. the actual process of the V ----. VI transfo rmation in
cocoa butter is rathe r compl icated. At eleva ted temperatures
(a round 30°C). the hi gher-mehing fractions of cocoa buue r.
mainly POP/ POSISOS, coex ist with liquid oil whi ch co nsists
of the lower-me lting fractions . Therefore, tran sformatio ns
med iated in liqu id oil may also ta ke place: di ssolution of {32
(Fo rm V) in oil. and re-c rystallization of fJ 1 (Form VI). The
tra nsformat ions med iated via oi l (solution)-mediated and via
solid ~s tate may concu rrently take pl ace. In both processes, howeve r, the basic phys ica l features may be regulated by two diffe rent polymorphs of the StOSt triglyceridcs.
1

V-form
0 . 4 58

Fig. 11. X-ra)' short
s pacing s pectra of
Forms V and VI of
cocoa buller (redra wn from data of
Wille and Lulton:
1966). (unit = nm).

•

VI-form

r

0 . 4 59
0 . 370
0 . 386

Conclusion

to reduce the effec ts of impuriti es. Then. the complicated polymorphism of lipids in real systems which cons ist of vary ing fats
and fa tty ac ids can be analyzed using the data of pure substances.
Furthe rmore, multiple techniques for identification of the indiv idua l polyrnorphs mu st be applied to the polymorph is m of
complicated triglyce rides, since the differences in thermal and
structural behaviors between the polymorphs may be rather
subtle . In this regard. to get the molec ular properties. s pec ~
troscopic method s are very convinc ing.

The polymorphism of stearic acid , oleic acid and SOS has
been discussed. It was shown that , physical and molecular
characteristics in the polymorphism is quite diffe rent betwee n
stea ric and ole ic ac ids. This differe nce is caused by introduct ion
of one cis-double bond at the ce nte r of the aliphatic chai n in
ole ic acid . Therefore, one may expect that the molecula r natures
of the polymorphs of variou s unsaturated fany acids may be more
complicated. depending on the number. position and configuration of the double bo nd . Extensive work should be devoted to
the study of these unsaturated fatt y acids, si nce data are quite
lacking.
Kn ow ledge abou t the polymorphi sm in mixed satu rated/un saturated ac id triglycerides is mther scarce or contmd ictory. This
shoul d be overcome , since many naturally- important triglycerides consist of satu rated and un saturated acyl c ha in s, e.g.,
cocoa butter. Examples presented in this review. POP and SOS.
indicate that the numbers of individual polymorphs are increased
and their molecu lar natures become more complicated in compari son to monoacid triglycerides. More detailed analysis for
the crystal and molecular structures of all polymorphs of SrOSt
or other mixed triglyce ridcs must be necessa ry.
In these resea rches, one may have to employ pure sample to
get essential features of the polymorphism of each compou nd

Abrahamsson S. Ryderstadt-nahri ngbaue r I (1962). The crystal struc tu re of the low-melting form of oleic ac id . Acta Crysta ll og r. 15: 1261- 1268.
Abmhamsson S, Dahlen B. Lofgren H, Paschcr I. (1978). Lateral packing of hydrocarbon chains. Prog. C hern . Fats Other
Lipids. 16: 125- 143.
Bec kmann W, Boistelle R, Sato K. (1984). Solubility of the
A, B and C polymorphs of stear ic acid in decane, methanol
and butanone. J. Chern . Eng. Data . 29: 211- 214.
Beckmann W, Boistelle R. (1985). Growth kinetics of the (110)
faces of stea ric acid from butanone solutions-pure and in the
presence of an em ul sifier. J. Crysta l Growth . 72 : 621- 630.
Ca rdew PT, Davey RJ. (1985) . The kinetics of solvent-mediated phase transformations. Proc. Roya l Soc. London A398:
415-428.
Dauben BF. Clarke TH . (1944). Unsatu rated synthetic glyce rides. VI. J. Am. Chern. Soc. 66: 690- 69 1.
Fahey DA , Smal l DM , Kodali DR. Atkinson D, Redgrave TG.
(1985) . Structure and polymorphism of 1,1-dioleoyl-3-acyl-:mglycerols, three and six-layered structures. Biochemistry. 24:
3757- 3764.

References

157

K. Sato
Small DM . (1986) . Physical C hem istry of Lipid s. In Hand book of Lipid Research. vol. 4. (ed.) Hanahan DJ. Plenun Press,
New Yo rk . Chapte r 10, p. 345.
Ste nhagen E. Sydow Evon. (1953) . O n the phase traJsitions
in normal chain carboxylic ac id s with 12 up to 20 and ir.cluding
29 ca rbo n ato ms be tween 30°C and the melting poi nt~. Arkiv
Kemi . 6 : 309-3 16.
Suzuki M , Ogaki T, Sato K. (1985). C rystallizatio n ar.d tmnsformation mec hanis m of a, {3 and "Y po ly mo rphs of ul:ra-pure
oleic acid. J. Am. Oil C hem . Soc. 62: 1600- 1604. ErratlUll; ibid ,
63 : 553 (1986) .
Sydow E von . (1956). The no rm al fatt y acids in solid state
Arkiv Kemi . 9 : 231- 254.
Ve rma AR , Krishna P. (1966). Pol ymorphi sm and Polytypism
in Crystal s. John Wiley & So ns, New Yo rk . p. 7.
Wang Z H, Sato K. Sagi N. Izu mi T, Mo ri H . (19 8"). Polymo rphi sm of 1,3-d isaturated-2-oleoy l triglycerides: POP. SOS,
AOA and BOB. J. Japan. Oil C hem . Soc. 36. 671- 619.
Willie RL , Lutto n ES . (1966) . Polymo rph ism of cocoa butte r. J. Am. Oi l C hem. Soc. 43 : 4 91-496.

File r U . S idhu SS, Daubert BF, Lo ngenecker H E (1946).

X· ray investigation of glycerides. Ill. J. Am . Che m. Soc. 68:
167- 171.
Ga rt i N. We llne r E . Sarig S. (1980 ). Stearic ac id polymo rphs
in co rrelation with crystallization conditio ns and solve nts. Krist
Techn . IS : 1303 - 13 10.
GartiN , Schlichter J, Sarig S. (1986). Effects of food e mul s ifi e rs o n po lymo rphic transitions of cocoa buller. J. Am . Oi l
C hcm . Soc. 63: 2 30- 236.
Gibon V, Durant F, Deroanne Cl. (1986) . Polymorphi sm and
intersolubi lity of some palmitic, stear ic and ole ic trig lyccrides:
PPP. PS P and POP. J. Am. Oil Chern . Soc. 63 : 1047- 1055.
G oto M. Asada E . (1978) . The crystal stru cture o f the B fo rm
o f stearic ac id . Bull . Chern. Soc. Japan . 51 : 2456- 2459.
Ho lland RF, Nie lsen JR. (1962). Infrared spectra of sing le
crysta ls. II . fo ur forms of octadeca no ic ac id . J. Mol. Spectrosc.
9 : 4 36-460.
Kobayashi M , Kaneko F, Sato K, Suzuki M . (1986). Vibrational spectroscopic study on polymorphi sm and order-disorde r

phase transition in o leic ac id . J. Phys. Chem. 90: 6371- 6378.
Kodali DR , Atkinson D. Redgrave TG, Sm all DM . (1984).
Synthesis and po ly morphism of 1.2-d ipa lmitoy l-3-acy i-SII -glyce ro ls. J. Am . Oil Che rn . Soc. 61 : 1078- 1084.
Landma nn W. Feuge RO, Lovegre n NV. (1960). Me lting and
dilato mctric behav ior of 2-oleopalm itostea rin and 2-o leodi stearin . J. Am . Oil Chern. Soc. 37: 638- 643.
Larsson K. (1966) . Classification of glyce rid e c rystal form s.
Acta Che m Scand. 20: 2255- 2260.
Lave ry H . (1958) . Differential thermal analysis of fat s. Ill.
J. Am . Oil C he m . Soc. 35: 4 18-422
Lovcgrc n NV, Gray MS, Feuge RO. (1971) . Prope rties of 2o leod ipalmitin , 2 -elaidodipalmitin and some o f their mi xtures.
J. Am . O il C he m . Soc. 48: 116- 120.
Lunon ES. (1946). Diffraction patterns of two crystalline forms

Discussion with Reviewers
j.\V. Hagemann: Saturated mo noac id trig lycc rides of even
chainlength less than 16 carbo ns ex hibit a third intermediate
melting polymorphic fo rm . Us ing thi s analogy. do you pe rceive
that the three new inte rmedi ate form s of POP refl ect an effect
due to the shorte r c ha inlength ac ids? Sin ce the new forms are
doub le chainlength structures, is it poss ible that chain reordering is occurring between the carboxy l g ro up and double bond?
Author: Compl ex intermedia te po ly mo rphs were fo und only
in POP. Therefo re. we think that thi s complex it y is caused by
cenain interaction between sho n er length of saturated acy l c hain
with o le ic ac id . A mong three inte rmediate fo rms of POP,
pseudo-{31 and pscudo-~2 a re double chai nle ngth but h is of
tripl e chai nl ength . a lthough a ll of their X-ray ~ h on spacing
spectra are sim ilar to that of pseudo-{3' of SOS. There are two
tra nsition circu its in the crystal afte r melt crysta llization : a 'Y - pseudo-{3:! - pscudo-{3; - ~'! - {31 . and 0 - pseudo-~ I
- fl1 -+ {3 1. Both unde rgo conve rsio ns in the chainlength
structure ; (doubl e -+) tripl e
doub le -+ tripl e. Presumabl y
these conversions may be acco mpanied with reorde ring of ole ic
and palmitic acy l c hain s. Thu s, it is poss ible that , in form s of
POP, specific lateral pac kings co nsisting o f ole ic and palmitic
acyl chains may ex ist in the same l;.1me ll a .

of oleic ac id . J. Am . Oil Chem. Soc. 23: 265- 266.
Lutton ES. Jackson FL. (1 950 ). T he polymorphis m of sy nthetic and natura l 2-oleoyldi pa lmitin . J. Am . Chc m. Soc. 71.:
3254 - 3257.
Luuo n ES. (1972). Lipid structures. J. Am . O il C he m . Soc.
49 : 1- 9.
Malkin T. Wilson BR . (1949). An X-ray and thermal examinati on of the g lyce rides. X . J. Chem . Soc.: 369- 372.
Malta V, Cell otto G. Ze netti R , Marte lli A F. (1971). C rysta l
structure of the C form of stearic ac id . J. Chcm . Soc.: 548-553.
Manning DM , Dimick PS. (1984). Crystal morphology of
cocoa bulle r. Food Microstructure. 4 : 249- 2 65
Sato K, Boistelle R. (1984). Stab ility and occurre nce of pol ymorphic modifications of stearic acid in polar and no npolar solutions. J. Crystal Growth . 66: 441 - 4 50.
Sato K, Suzuki K, Okada M, GartiN . (1985). So lvent effects
o n kinetics of solution -mediated transitio n o f stea ri c <tc id po lyrno rphs. J. Crysta l Growth . 72 : 699-704.
Sato K, Suzu ki M. (1986). Solve nt crysta llli zatio n of cw, {3
and "Y polymorph s of o leic ac id . J. Am . Oi l C he rn . Soc. 63:
1356- 1359.
Sato K, Kuroda T. (1987). Kinetics of meh c rystallization and
transfo rmation of tripalmitin pol ymo rphs. J. Am . Oi l C he rn .
Soc. 64: 124- 127.
Simpson TD, Hagemann JW. (1982). Evide nce of two {3'
phases in tristearin . J. Am. Oil Che rn . Soc. 59 : 169 - 171.

K. Larsson: The name o-wform in paraffin s, simpl e esters and
glycerides corresponds to c rystals with a hexagonal (or pseudohexagonal) subccll . The a-fo rm o f o le ic ac id seems to have the
triclini c chain packing. Thu s the ty pe o f d isorder is different
from that oftrig lyce rides . and might motivate a diffe rent name
not to cause confu sio n. What is your view?
Author: We intend to g ive a prope r nomenclature fo r the polymo rphi sm of un satu rated fatty ac ids using Greek characters.
kn owing that the simil ar nome nclatli TC fo r glycerides (a, {J' and
{3) has bee n established in lipid chemistry. Primary concern was
pa id to discr iminate between sa turated (even-numbered, A , B
etc . : odd -numbered . A ', B ', etc.) a nd un saturated fatty acids .
In doing so. Greek cha racter was chosen because of its convenie nce more than Ro man nume ral:s. etc. First. we actually feared
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that some confusion might arise. e .g .. between a of glycerides
and a of o le ic acid as you poi nted out. No similarity is seen

both in molecular conformation and suOCell struct ure between

two a-forms. although solidification behaviors look alike.
I hope, hov.revcr. that th is confusion will be solved in accordance
with prog ress in resea rch for varyi ng unsatu rated fatty ac ids.
I would note that the a -form was observed in a few unsaturated
these

fa ny acids, being characterized by an interfacial melting as briefly mentioned in the tex t. In addition, it was found that th e 'Y-

form also exists in erucic and palmitoleic acids. exhibiting the
same molecular conforma ti on and subcell structure as -y of oleic

ac id.
K. Larsson: Your proposal of independent molecular change
in the 1\VO differen t lamellae of StOSt is interesting. Do you think
it would be possible that the unsaturated chain layer even could
'" melt"' below the saturated chain laye r, corresponding to a liquid crystal formation?
Author: In each polymorph of SOS, no significa nt change was
detected in X-ray short spaci ng spectra taken at 5°C and just
below its melting point. This means that the lareral packings
of stearic and oleic lame ll ae are uniquely fixed in each po lymorph . However. we have no convmc ing information on oleic
acyl chai ns in any forms. e.g .. whether in crystalline state or
in liqu id-crystalline st<He, since di scrimination in X-my short
spacing paucrns between the two lamellae is very difficult . Yet.
preliminary studies with Raman technique indicate that the oleic
chains are rather disordered in y and pseudo-,8', but more
ordered in {32 and {3 Further syste matic study is needed to
solve thi s important problem.
1

•
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EFFECT OF CLOTTING I N STOMACHS OF INFANTS ON
PROTEI N DIGESTIBILITY OF MILK

S. Nakai, E. Li - Chan
Department of Food Science
University of British Columbia
Vancouver, B.C., Canada V6T 2A2

Abstract

Introduction

Differences in clotting between human and
cow's milk in the stomachs of infants are discussed .
Gastric pH, after ingesting milk, of an infant up to
6 months of age stays at a pH range of 4-5, near
the isoelec tric point of casein, and never reaches the
value of 2, which is found in adults. Pepsin C (or

Digestion of protein in the stomach by pepsin is
generally considered as a preliminary s tep to the di gestion in the small intestine by more powerful protea ses, i.e., trypsin , c hy motryps in and several peptidases. Since pepsin hydrolyzes the s ites in peptide
linkages which are different from the si1es of hydrolysis by proteases in duodenal juices, the role of di gestion in the s tomach ca nnot be ignored, though it
may be supplemental in the complete digestion of
proteins in the digestive trac t. In the case of in fants, it is generally agreed that up t o 3 months of
age peptic activity is low and that minimal protein
digestion occurs in the stomach (Berfenstam et al.,
1955). Buchs (1973), however, suggested that the
main physiological role of pepsin was to split off a
few amino acids or peptides which s timulated the
release of gastroint estinal hormones a fter they had
reached the duodenal lumen.
Because of the import an t roles played by s t omach digestion at the early, but essential, s t age of
com plete dige s tion of proteins, it may be useful to
know the meaning of c lotting in the s tomach in the
digestion of milk (Ruegg and Blanc, 1982). The main
concerns are the significance of clottin g of cow's
milk in comparison to that of human milk within t he
s tomachs of human infants .

gastricsin) can hydrolyze proteins at this pH range.
Gastric emptying time is shorter with human milk
than with cow's milk which appears to be correlated
to the smaller size of human milk clots. Elimination
of a readily coagulable fraction of casein from cow's
mi1k by restricted rennet action produced a-casein
rich milk with similar coagulating properties to that
of human milk. Although pepsin digestibility at
pH 2 was greater for bovine whole casein than bovine B- casein -ric h fraction or human casein, thi s
difference was minimized or even reversed at pH 4.
This was ascribed to the difference in clotting behavior of <X sl-casein and a -casein, namely a harder
c lot of the former.
Therefore, the difference in
c lotting and proteolytic properties between human
mil k and cow's milk in an infant's stomach can be
explained from the difference in chemical properties
of their major caseins, i.e ., B-caseins and asl - caseins in truman milk and cow's milk, respectively.

Gastric Functions in Infan t s

Gastr~~Sr~ch.loric acid production is observed in the
s tomachs of infants soon after birth. Although new born infant s have a neutral to slightly alkaline gas tri c pH, within 24 hours after birth, gastric acid
secretion reaches a peak comparabl e to that in a 3year-old c hild. However, 2 days after birth, gastric
ac id secretion decreases rapidly, and a low level is
maintained for at least 3 weeks (Harris and Fraser,
1968). The mean pH in the stomachs of 1- 2 day old
infants has been reported to be 3.0 - 3. 1 but after
the intake of milk the pH quickly rises due to a
s trong buffering capacity of milk.
Hyd rogen ion
concentration in the stomach of full-term infants is
estimated to be less than 30% of that in the adult
s tomachs (LebenthaJ et al., 1983). Because of thi s
difference, while pH in the stomachs of adults
decreases to below 2 within 2 hours after ingestion
of milk, in the case of infants up t o 5 months of
age, pH frequently s t ays between 4- 5, even 2-3 hours
after the intake of milk (Nakai, 1962 ).
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Fig. 1.
pH - Activity profiles of pepsins in s tomach juices from different mammals.
(a) Hemoglobin profile: a mixture of diluted stomach juice and 2% hemoglobin after pH adjust ment was incubated at 35°C for 30 min and A280 of the 12% trichloracetic acid filtrate was measured. A2s0
value for the original juices before dilution was plotted.
(b) Edestin profile: a mixture of diluted s tomach juice and 0.5% edestin after pH adj u s tment was
i ncubat ed at 35oc for 30 min. The turbidity after addition of sulfosalicylic acid was measured as A£60 and
d i ges tion rate (%) was computed from a s t andard curve (linear for As so vs edestin).
protease present in the stomach with a higher
optimum pH than pepsin, which would explain digest ib ility in the infantile stomach even a t pH higher
than the op timu m pH < 2 of pepsin. This ot her enzyme has been isolated and identified as gastrics in
by Tang et al. (1959). Since gas tri c s in is produced
from t he same zymogen as pepsin depending on gas tric pH (Tang, 1970), and a lso it is as strongly
proteoly ti c as pepsin (peps in A, EC 3.4.23.1), it was

It is interesting to note tha t immunoglobulins
(I g), which are useful for preventing pathogenic in fection in an infant's intestine, can pass through the
s t omach without des truction as Ig are not s t able a t
pH below 4, bu t are stable above pH 4 (Kaneko et
al. , 1985).
Pepsin secretion
Agunod e t al. (1969) and Deren (1971), reported
that dur ing the first day of life , the peptic ac tiv it y
was one- fifteenth that in the adult. During the next
4- month period, the pepsin output increased seven fold. Over thi s period, the pepsin secretion changed
in accordance with the hydrogen ion secretion. In
infants who were 2 years old, pepsin output per kg
body weight became roughly comparable to that ob served in adults.
When the pH-activity profile was measured, hu man stomach juice had 2 peak s compared to a si ngle
peak for s tomach juices from most other mammals
(Fig. 1). This double-peak property i s dependent on
the substrate. For example, infan tile s tom ach juices
had pH op tima at 1.5 and 3.2 for edestin and 1.9 a nd
2.8 for hemoglobin, while only one peak of pH 2.2
was observed with casein ( Na kai , 1962). However,
this double peak property was not absolutely distinct,
as purified txlg pepsin sOOwed a double-peak p roperty
at pH 1.8 a nd 2 .6 using edes tin with a smaller pH
differenc e between the 2 peaks than hu man pepsin,
while a single peak was observed for hemoglobin and
casein.
It was postulated that there could be a nother

ca tegorized as pepsin C (EC 3.4.23.3) by the Nome n clature Committee (1984) for t he International Union
of Biochemistry.
Despite having an op timum pH (pH 2.8) similar
to that of chymosin (pH 3.8 on hemoglobin), gastrics in is proteolytic, and not as milk c lotting as chymosin (EC 3.4.23.4). There was no evidence for the
presence of chymosin in the s tomach of infants, even
in those fed with cow's milk - based formula (Komura
et al., 1957; Mal press, 1967).
Gastric emptying
Effect s of age on the gas tric empt ying time are
evident, although comparison of published data from
different s tudie s must be made with caution in order
to match data using identical liquid meals in volumes
appropriate to the s i ze of the s tomachs .
Gastric
emptying time i s u suall y measured from the percentage of a meal remaining in the s tomach (residual
volume , V% ) plotted against time after consumption
of the meal. The s tomac h contents are withdrawn at
c ertain time intervals after intake of the test meals
containing an indicator, e.g., phenol red. From the
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concen t rat ion of the indicator in t he samples wit h draw n . V is cal c ulated. The half time is f r equently
used as the time required for V to fall t o 50%.
Hunt and Spurrell (1 95 1) , Blumenthal et al.
(1979), and Ptldes et al. {1980} reported an average
half-emptying t ime of 21. 8 mi n and 44,6 min for
adults and infan t s, respectively, when ca r bohydrat e
solutions were ingested. For cow's milk which clot s
in the s t omach, the half time was extended t o 45
min (H eading et al. , 1976) and 87 min ( Sig ner and
Fridrich, 1975) , respec tively.
It is generally accepted that gastric emptying is
delayed in premature infants compared to full - t erm
infants . Gupta and Brans (1978) showed that during
the fir s t 12 hours of life, preterm infants emptied a
smaller portion of dextrose solution than full - term
infants .
In infan t s it appears that the t ype of meal affects em p tying t ime. Mos t infants re ceivi n g breas t
milk had a rapid early phase with logarithmic dec line
followed by a linear phase of emptying (Cavell,
1979 }. In contrast , most o f the infants fed a c ow 's
milk fo rmul a had e ither a delayed early emptying
phase followed by a linea r emptying pattern or a lin ear emp tying pattern from the beginning. In gener al, the ove rall gas tric emp t ying time was slower
with cow 's milk than with human milk. An example
with premature in fan t s showed the half emptying
time of 25, 1 min vs. 51.9 min for human milk and
cow's milk , respectively (Cavell, 1979).
Milk Clotting an d Proteolytic Activity
Fig. 2.
Hypothetical illu s tration of the ac tion of
c hymosin on K- casein .

Pepsin vs. chymosin
Although almost all proteinases c lot cow's milk,
the enzymes which have optimum pH in the acidic
side (pH < 5) have a similar molecular s truc tu re a nd
cont ain aspartic acid residues e ssen tial for prot eo lysis. Therefore, the e n zymes in thi s ca t egory are
ca lled "as partyl prot eases ".
These e nzymes have s i mil ar sequences: a high
level of s imilarit y (57%) was observed between pepsin
and chymosin, while 25% s imil ar ity was observed betwee n c hymos in and a ba ct erial rennet (Mucor miehei
proteinase). However, penicillopepsin ( t he ac id pro teinase produced from the mol d Penicillium janthinel lum) had similarity values of only 25% and'2"'tTWitfi
chymos in and pepsi n, r espectiv el y (Yada, 1984) . The
milk clotting ac tivity of proteinases, in units , has
been defined as the amoun t of proteinase whic h c lots
10 ml of reconstituted skim milk in 100 sec a t 300 ;
the specific ac tivity is then expressed as milk c lot ting activ ity per mg prote inase . Proteolytic ac tivit y
may be determined as the ability to hydroly ze sod ium
case inat e and expressed as amount of t yrosine released per mg proteinase (Yada and Nakai, 1986).
Milk c lotting ab ilities expressed as the ratio of milk
c lotting t o proteolytic ac tivity were 95.8 a nd 47 .0 for
chymosin and pepsin, respectively, compared t o 60 - 70
for microbial rennets and less tha n 0.8 for the pro teinase from Asp . saitoi and for pe nicillopepsin. It
appear s, t herefore, that the protein sequence itself
may be relativel y unimportant for milk c lotting
ac tivity.
The three - dimensional s tructures of aspartyl
proteases are bean shaped with a long subs trat e
binding c left between two domains (Drenth, 1981).
The major cat alytic functions of c hymosi n are d erived from the carboxyl groups of Asp 32 and 215.

The ionized carboxyl group of Asp 32 ac tiva t es a
water molecule. The proton donor i s Tyr 75 which
is rather mob ile; upon binding with the sub s tr at e, its
phenolic OH - group moves near the NH-group of the
susceptible pepti de bond of the subst rat e (Fig. 2).
Di sc riminant ana l ysi s of elec t r ica l and
hydrophobic paramet ers, zet a pot ential , surface hy drophobicity, and ci r cular d ichroism d a t a s howed the
import ance of 6-sheet , S-turn , and random s tru ctu re
for milk c lotting ac tiv it y of proteinases (A ishi ma e t
al., 1987). For the c oagulation of casein mice ll es,
the K-casein component , particul arly its hy drophobic
mo ie t y, i. e . , para ~C - casein portion, s hould be located
near th e t wo ac tive Asp residues and Tyr residue in
t he v icinit y of the cleft area of t he enzymes (Fig.
2). Hydrophobic property inside the cleft may assis t
in the access to and proper orie nt ation of K-casein.
More detailed information on the three dimensional
s tru ctures of the substrate and e n zymes is required
for explaining the milk c lotting ac tivit y, especiall y
the d iffe ren ce in the mec hani sms between peps in and
chymos in which are s imil ar in sequence.
Clotting of Cow's Mil k and Human Milk
Clotting of milk in t he abomasum b y c hymosi n
is im port an t for the digestion and absorp tion of protein in calves fed with mil k. It has been we11 established that c hymos in s plits the pep ti de bond between
Phe 105 a nd Met 106 of the K-casein molecule y ield ing para-K-c asein a nd a mac r opeptide. This destroys
the protective fun c tion s of K-casein, resulting in
prec i pitation of asl - a nd 6- caseins in the presen ce of
ca++ . Stomach clots delay gastri c emp t y ing and thus
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improve protein and fat digestion {Huber, 1969).
When calves were fed with whole milk , c lot preven tion treatments resulted in a decrease in weight
gains, feed efficiency and digestibility of dry matter,
and marked increase in post-feeding levels of plasma
amino acids and urea nitrogen {Jenkins and Emmons,
1982) . Therefore, clotting of milk in the stomac h i s
a physiological prerequisite for the completion of the
protein digestion mechanism in calves.
In the case of human infants, the situation is
reversed. The gas tric emptying time is faster with
human milk than with cow's milk {Cavell, 1979).
Slight or no clotting of human milk is observed in
the infantile stomach .
In vitro experiments using adult rats to study
the ef'l'eCfOrclotting on gastric emptying and digestion of bovine caseins have been reported (Miranda
and Pelissier, 1981). The diet containing bov i ne skim
milk clotted in the rat stomach, and resulted in a
significantly higher amount of sediment remaining in
the s tomach 30 minutes after ingestion, indicating a
reduction in the rate of gastric emptying compared
to an unclotted diet based on 3% whole bovine casein
solution in water. Electrophoresis of the remaining
stomach contents indicated little proteolytic degrada tion in the c lotted diet, whereas breakdown produ c ts
from a 5 1- , e- and K-casein could be identified from
the unclotted diet.
Ultrastructural studies of the milk curd in th e
gastric lumen of suckling rats (Berendsen , 1982) indi cated an appearance similar to that report e d for
bovin e milk curd and cottage cheese (Kalab, 1981).
The re was no ultrastructural evidence of intragastric
proteolysis in suckling rats up to 15 days of age .
To reproduce milk clotting in the human stomach, the American Dairy Science Association (1941)
proposed a st andard met hod for measuring curd ten sion using a pepsin-HCl solution simulating gastric
juic e . "Soft curd milk" was defined as milk with a
c urd tension value below 20 g compared to values of
50-60 g for regular cow ' s milk. Curd tension s of
both human milk and evaporated c ow' s milk wer e
0 g, meaning very fine coagulum forma t ion or no
clotting at all.
However, the pH of the clot according to this
method was about 6.2 which was excessively high ,
thus corresponding only to a very early stage of stomach digestion even for infants. When an in vitro
digestion test was carr ied out using a pep~
solution to simulate the physiological conditions, it
was found that "soft -curd milk" no longer produced
soft curd, and even evaporated cow's milk formed
discernible curds while human milk showed either no
clot or almos t undetectable very fine curds (Fig. 3).
None of the methods suggested for making soft-curd
milk , i.e., dilution , heating, cal cium reduction, and
homogenization, were effective in simulating the clot
of human milk under the physiological conditions in
the infantile stomach (Nakai, 1963a). To withstand
the stomach pH of a young infant, prevention of acid
c lot of casein , in which calcium is not involved in
the coagula tion mechanism, is essential.
Humanization of Cow's Milk
Cow ' s milk is
3.5 g protein / 100
averages 1.2 g/100
In addition , there

reported to contain approximat ely
ml, whereas human milk usually
ml {George and Lebenthal, 1981).
are significant differences in the

Fig. 3. Milk clotting after in vitro digestion test in
(a) cow's milk, (b) modifiecrmiiK, and {c) human
milk. To 100 ml of milk sample at 37oc, 0.2% 3000 :<
pepsin in 0.1 N HC1 was added slowly at a flow rate
of 15ml / h while the enzyme- milk mixture was gentl y
stirred.
protein composition of the two milks, human mil k
having a much lower ratio of c asein to whey proteins. Furthermore, it is generally agreed that the
major casein in human milk is a B-c asein - like frac tion. Traditionally, casein ha s been c lassified in to a - , ~ - and y - caseins based on their electrophoretic mobilities. Nagasawa et al. (1967) found thaHcasein was the major casein i n human milk, whic h
did not contain calcium - sensitive us - casein. Toyod.a
and Yamauchi (1972) concluded from the sedimentetion rate, optical rotatory dispersion and circular dichroism data that the major fra c tion of human casein
was similar to bovine 13 - casein, based on the temper ature - dependent polymerization and molecular structure . Human 6-casein, like bovine S-casein, produced
a Y- casein- like degradation product as a result of
plasmin hydrolysis (Azuma et al., 1985). In contra st,
cow's milk contains about 45 % a 5 1- casein (Packard,
1982; Schmidt, 1982) , a 'fraction which is e ither
absent or present in minute quantities in human milk .
Upon acid precipitation, human milk produces a
much finer protein flo c than c ow' s milk {Fig. 4).
The fine clot of human milk in the s tomach apparent! y short ens the gastric empty ing time as compared
to the coarser cow's milk clot. Although the casein
micelles of truman milk are muc h s maller and presu mably more digestible than those of cow's milk, the y
remain unchanged for 3 hours aft er nursing (Hadorn,
1981). In vitro studies demonstrated that the initial
rate anaextenl: of hydrolysis by pepsin were much
greater at pH 2 for bovine milk than for human milk
(Li - Chan and Nakai, manuscript submitted) . At pH 4,
the initial rate of hydrolysis was higher for human
milk, but the extent of hydrolysis after 60 minutes
was greater for bovine milk.
Preliminary experiments indicated that upon
acidification to pH 4 in the presence of 11 mM
CaC12, a fine soft floc was formed in the case of
bovine &-casein, in contrast to a sticky hard clot for
bovine o. s1-casein. In the absen ce of calc iu m ions,
clear solu tion s were formed at pH 2 with both caseins, while at pH 4, a hard clot was observed for a s1 casein , whereas a- casein solution was turbid with no
visible evidence of clotting. Figure 5 shows the time
course of hydrolysis of these casein fractions by
pepsin, measured as absorbance at 280 nm (A2sO) of
the 2.5% trichlor acetic ac id -soluble fraction during
proteolysis. At pH 2, the increase in A280 was more
rapid and extensive for as1 - casein than a -casein
(Fig. 5a); on the other hand, at pH 4, most rapid and

164

MiJk c lot and digestion in infant stomachs.

Fig. 4.
0.20

Micrographs of (a) 1.25% human milk, and (b) 1.25% bovine milk samples acid c lotted at pH 4.
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Fig. 5. Pepsin hydrolysis curves at (a} pH 2 and (b) pH 4 ofbovine a s 1-casein and f3-c asein with and without
11 mM CaCl2. (Hydrolysis conditions : 0.49% casein, 0.005% pepsin, 370C).
extensive hydrolysis was observed with a-casein,
especially in the absence of CaCl2 (Fig. 5b). Tam
and Whitaker (1972) also reported that the initial
rates and extents of hydrolysis of caseins by both
chymosi n and pepsin generally decreased with
in crP.as ing pH from 3.0 to 6.0; the initial rates of
hy drolysis decreased in the order of a -, K- and acasein , a t pH 3.0, 5.5 and 6.0.
However, for acasein, the extent of hydrolysis by 4 different
enzymes (c hymosin, pepsin, M. pusillus protease and
E. parasitica protease) was gTeater at pH 3.5 than at
3.0, and hydrolysis at pH 3.5 was more extensive for
a -casein than the other caseins. This is probably
related to the formation of harder c lots with as l casein than with
a-casein as the c lotting pH
approaches the isoelectric points of these proteins.
By careful control of the reaction conditions
for chymosin activity to g ive only 11 partia1 11 clotting,
it was possible to prepare a modified milk with coag-

ulability s imilar to that of human milk (Fig. 3). A
limited amount of rennet was used which would re sult in coagulation of part of the protein after
heating- (Nakai, 1963b),

Recently, we have re -investfgated the soluble
casein fraction, recovered after mild rennet modification at neutral pH for partial coagulation of bovine
casein , especially with respect to studying its clotting behavior and hydroly s is by pepsin at acidic pH
(T..i - Chan and Nakai, manuscript submitted). The process for rennet a modification of a 2% bovine casein
a Rennet is a common term referring to the commercial crude preparation which contains chymos in. In
the work described here, the source of enzyme was
"rennin" (Product R7751 from Sigma Chemical Co., St.
Louis, MO} and the term s "rennet" and "rennin" have
been used interchangeably.
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BOVINE CASEIN
27. protein, pH 7, 11mM CoCI2

]"' ...
odd RENNIN

j

(0. 1-0.Smg/g casein)

incu bate @3rc, 5-15 min

lheol lo 75'C, hold 10 min

l cool to room temperature

a

b

c

d

e

f

g

h

Fig. 7 . Elec t rophoresis patte rn of caseins and milks detected
by silver s t aining. Sampl es: a: bovine mi.lk, b: human milk ,
c: human casein , d-g: rennet - modified bovine casein (0.15, 0.10,
0.05 and 0 .05mg r ennin/g casein, respectively), h: bovine casein.

supernatant

precipitate

rller through Whol mon

bovine milk also formed a loose s t ruc ture but the
globular particles were larger than those observed
for casein ( Fig . 9d).
At pH 2, the ext en t of hydrolysis by pepsin after 60 min inc ub ation fo ll owed the order bovine >
rennin-modified> human casein (Fig. lOa). On the
other hand, at pH 4, the extent of pepsin proteol ysis
was greatest for rennin -modified casein (Fig. lOb).
Both experiments were carried out at a p r ot ein con cent ration of 0.5%. The trends for pepsin hy drol ysi s
of bovine con t rol and rennin - modifi ed caseins thu s
resemble t hose for etsl - and B-caseins, resp ec tively
(Figs. Sa, 5b). Bot h bovine whole casein and o.s l ~
casein showed muc h greater susceptibility t o pepsin
hydrolys is a t pH 2 t han pf-1 4, whic h may be related
t o t he harder c lot formed as well as the lower
ac tiv it y of peps in at the higher pH. On the other
hand, 13 -casein a nd rennin - modified casein (which is
predomin a ntl y e-casein) were s till hydrolyzed at a
moderate rate, even at pH 4, which may be related
to the open loose s tructure of these casei n s. Similar
trends were observed when the protein concentration
of casein solutions as subs trat e for peps in hydrolysis
was in c reas ed to 2% or when milk samples (1.25 %
protein) were u sed as substrates . However, when the
protein substrate con cen t ration was only 0.1 %, none
of the casein samp les yield ed l arge c lot s at either pH
2 or 4, and the differences in their rates and extent
of hydrolysis were al so mini mal . These r esults sug gest that both the c lot fo r mation as well as the
compos ition of the casein fraction (e.g., a.s l- vs .s casein) affec t proteolysis, especia11 y at pH 4 which i s
sim il ar to the gastric condition s of infants.
A poss ibl e reason why bov ine a s1-casein was
more digestible t han a-casein at pH 2 may be due to
the acc e ssibility of pepti de link ages susceptible to
pepsin hydrol ysis. Si n ce A2s0 was u sed to monitor
release of 2 . 5% TCA soluble peptides, the higher aromatic amino acid cont ent of a s1 - casein than e -casein
may also partly explain the differences in A2s 0 as a
function of hydrolysis ti me. However, reversion of

I

RENNIN-MODIFIED CASEIN
Fig . 6. Flow - chart for modi fying bovine casein with
rennet (source of enzyme: 11 r enn in" from Sigma
Chem ical Co).
solution is show n in Figure 6. Ana lysis of elec t ro phoretic patterns demonst rat ed t hat t he ratio or et o o.s1 - casein was increased from 0.7 in the unmodi fied bovine casein, t o higher t han 3 . 0 in t he soluble
fract ion recovered after rennet treatment (Fig. 7).
Prot ein recovery in thi s fraction, rich in soluble Bcase in , was 20-25%, yieldi ng a 0.5% prot ein solu tion.
This falls within the average range for casein con cent ration normally found in truman mil k. Thus, the
preferential coagulation of as 1-casein by thi s process
can result in a !3-casein- rich cow's milk that more
c lose ly resemb les truman milk with respect t o casein
concen tration and composition .
Upon ac id ific ation of the se casein solutions, it
was observed that hardness of the c lot formed at pH
2 or 4 decreased in the order of bovine , rennin - modified and human casein (Fig . 8). Large hard clot s
were formed by the ac idification of bovine casein,
especially at p H 4, whereas smaller clot s were ob served with rennin -modified casein. Turbid suspens ions con t aining ve r y fine protein floes wer e ob served u pon ac idification of human casein solu tion s.
Scanni ng e lec tron microscopy of the fin e floes
of l"ruman casein in solution ac idified t o pH 4 s howed
very tightl y clus tere d protein particles (F ig. 9a) . In
co ntrast. the larger bovine casein c lot s cons is ted of
a fairly dense lattice- like network of protein parti cles (Fig. 9b). while rennin -modified bovine casein
formed a looser network (Fig . 9c). Ren nin modified
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Fig .. 8. Micrographs of (a) 0.5 % human casein, (b) 2% bovine casein , and (c) 2% rennin -modified casein,
c lotted at p H 4.

Fig. 9. Scanning electron mic rographs of (a) truman casein, (b) bovine casein , (c) rennin - modified casein and
(d) rennin - modified milk clotted at pH 4. Black bar = 2 J.lm; 20kV; arrows in (a) point to dense clusters of
casein partic les. Samples acidified t o pH 4 we r e fixed with 2.5 % glu t araldehyde. Aft er rinsing with 0.1 M
sod ium cacodylate buffer (pH 7 .4), the particles were treated with 1% osmium in cacodylate buffer, rinsed,
then further fixed with 2% uranyl acetate, prior t o dehydration (30-100% alcohol) and critical point drying .
Dried samp les, mounted on s labs with conduc tive silver cement , were coated under argon with 30nm thick ness
of gold and observed in a Ca mbridge 250T scanning e lec tron microscope.
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Fig. 10 . Pepsin hydrolysis curves at (a) pH 2, and (b) pH 4, of human casein , bovine casein and renni n modified casein . (Hydrolysis conditions: 0.49% casein, 0.005% pepsin, 370 C).
this situation at pH 4 may have been due to the
clotting difference at pH close to the isoelectric
points of the caseins. Because the o.81- casein clots

stabilization of a s1-casein than bovine K-c a sein in
the presence of calcium ions (Yamauchi et al., 1981).
Unlike bovine K-casein, truman K-casein i s present in
a monomeric form a t pH 7 (A zuma et al., 1984).
These differences in S- and K-c aseins may be a r e a son for differences in casein micelle formation and
acid clotting between human a nd cow ' s milks. T he
tight protein clot structure observed by SEM for
acidified truman c asein compare d to the loos er stru c ture of the bovine casein c lot (Fig , 9) may explain
the lower extent of proteolysis by pepsin of human
milk than cow' s milk.
Preferential coagulation of bovine a s1 -c asein
fraction by rennet treatment yields a 8 - casein rich
milk which form s softer clots and is more susceptible
to pepsin digestion at pH 4 than bovine milk . 8 - ca sein enrichment in cow's milk has also been reported
by Rose (1968) by ultra- centrifuging the milk at 4oc
to sediment a s1 - casein rich micelles . Thu s simulation
of human milk c lots in the infant stomach is now
feasible to a certain extent. However, the significance of the more detailed differences between
truman and bovine species in their a- and a- caseins as
well as other protein and non-protein constituents
requires further studies, before the true meaning of
this simulation for human feeding can be assessed .

were firmer, pepsin could not penetrate through and

the degree of hydrolysis was considerably decreased.
The reasons for the difference in clotting a t
the isoelectric points between the two caseins are
unknown . In general, protein solubility is explained
based on the interrelation between charge and hy drophobicity (Hayakawa and Nakai, 1985). If this
concept is accepted, the solubility of proteins at the
isoelectric point should be controlled solely by hydrophobicity , as the net charge is minimal at the
isoelectric point . However, the content of hydrophobic amino acid residues is higher in 8-c asein than
a s1-casein ( Eigel et al. 198 4) . This means that 8casein should form harder clots than a s1 - casein,

which is opposite to what is observed .

A possible

explanation is that most of the hydrophobic side
chains in 8-casein are not fully exposed due to some
steric hindrance. The degree of phosphorylation is
in the order of o.s1-casein, 8-casein and human 8casein (8, 5 and 0- 5 moles of phosphate per mole cule , respectively) . Although the formation of strong
salt bridges at the isoelectric point in the presence
of calcium is unlikely, it is possible that some salt
bridge formation due to a strong dissociating ability
of the phosphate radicals at pH 4.6 contributes to
the formation of firm clots.
Although lruman and bovine 8-caseins have been
reported to be homologous with respect to the amino
acid sequences (Greenberg et al., 1984), the temperature of polymerization of human S-casein is higher
than that of bovine S-casein, i.e., 200C vs. 8 . soc
(Toyoda and Yamuchi, 1972) and antigenic reactivities
are different between the two 8-c aseins (Otani et al.,
1984). Furthermore, truman K- casein differs from its
bovine counterpart in having a much higher carbohy drate content, i.e, 40% vs. 5%, and shows a greater
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micelles?
Authors:
Firstly, the particles in these samples
should not be referred to as micelles . The caseinate
samples (Figs. 9a and b) were prepared by acidifying
milk to pH 4.6 at 400C.
The rennet modification
process to prepare samples in Figs. 9c and d would
also destroy the micellar structure. The differences
in particle sizes were definitely not due to a choice
of area; the micrographs depict typical sizes of par~
ticles in each of the samples after clotting at pH 4.
The difference between samples in Figs. 9a, b and c,
versus that in Fig. 9d, is that the latter represents
rennin~modified milk at pH 4 whereas the other
three were casein samples at pH 4. The basis for
these differences is not clear to us.
P .B . Berendsen: Have you done, or are you aware of
any studies whiCh compare the caseins of colostral
milk or milk at the initiation of suckling with those
later during milk secretion?
If so in what way do
they differ?
Authors:
Ruegg and Blanc (1982, text reference)
have published a review on the structure and proper ties of particulate constituents of human milk, in c luding changes at different stages of lactation .
These changes include the absence of the characteristic band of 6-casein in electrophoretic patterns of
colostral or early milk (1 to 4 days post partum),
and a decrease in citrate concentration and increase
in average diameter of casein particles with advancing lactation.

Discussion with Reviewers
Reviewer IV:
In Figs. 5 and 10, have the authors
considered (or corrected for) effects of differing
aromatic amino acids i n a s1- and 6 -c aseins? This
might affect the relative positions of their curves .
Authors: It is true that the differing aromatic amino
acid contents of ~1 - and B-casein would affect their
absorbance a t 280 nm (Tyr+Trp+Phe contents are approximately 14 and 24 residues per monomer for Bcasein and %.1-casein, respectively (Thompson, 1971) ,
while A2so values a t 1% are 4. 6 and 10 .1, respectively, (Sober, 1972)). However, it is not possible to
directly correct the absorbance values shown in Figs.
5 and 10 for these differences since there may not
be any direct correlation between the total content
of aromatic amino acid residues in a protein and the
extent of their release by pepsin in the form of 2.5%
TCA - soluble peptides. The differing aromatic acid
contents may explain in part the observation that
A280 values of the solubl e fraction a fter pepsin
hydrolysis at pH 2 for 20 - 60 min have been almost
double for «s1-casein compared to 6 - casein (Fig. 5a).
However, the reversal of thi s trend at pH 4 (Fig .
5b), which shows higher A2so for the soluble
fractions from 6 - casein than as1-casein, strongly
suggest s that the extent of hydrolysis was greater
for 6-casein at pH 4. To confirm this, a different
method to quantitate hydrolysis in the TCA - soluble
fraction would be required, e.g., Kjeldahl nitrogen or
biuret reaction. In this regard, the results of Tam
and Whitaker (1972, text reference) using 2,4,6-trinitrobenzenesulfonic acid to follow peptide bond hy drolysis indicated higher extents of hydrolysis of acasein at pH 3.0 and 6.0, but higher extents of
hydrolysis of S-casein at pH 3.5.

J .J, Strandholm: What, if anything, is known regard-

mg the effects of longer gastric emptying time of
cow's milk compared to human milk on the nutrition
or health of infants?
Authors: We are not aware of any published s tudies
that deal with thi s question.
Additional refernces
Sober HA (1972). Handbook of Biochemistry.
Selected data for molecular biology. The Chemical
Rubber Co., Cleveland , Ohio . pp. C71 -C 98.
Thompson MP (1971). a.s- and S-caseins. In:
Milk Proteins .
Chemistry a nd molecular biology.
McKenzie HA (ed.). Academic Press, In c., New York.
pp. 117 - 173.

Reviewer IV: What is the yield of rennin-modified
casem (iilThe process shown in Fig . 6)? What do
the authors propose to do with the residual a.s 1- K
complex?
Authors: The yield of rennin-modified casein is ap proximately 20 - 25% of the starting casein . The resi dual casein complex could be useful as a food ingre dient, or perhaps as a process cheese ingredient.
P.B. Berendsen: Although the magnifications in Figures 9a, b, c, and dare the same, the casein micelles in Figure 9d appear to be larger. Has this simply resulted from choice of areas or did the treatment
of the sample shown in Figure 9d enlarge the casein
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Introdu ction
The qoolity of 111i lk powders is markedly affected
by the coMposition and properties of the 1111 lk, the
manufacturing procedures. ther11a1 processing during
manufacture and, in particular. the drying technique
itse) f. A variety of physico - cheMical analytical
methods. iiiCluding scaru1ing electron •icroscopy, has
been used to obtain information on the effects of the
va r· ious fa c tors on the microstructure of the mi I k powders. Roller- drying. which has recently lost its commerc ial importance. produces a sheet of dried milk that
is powder·cd in a hamm er mi 11. The resuJ ting powder
consists of compact particles wi th sharp edges. Powdei'S
obtained by ~pray - drying are in the form of moi'e or
less regular globules which may have their sul'face
l."'ilVOluted to a varying extent. Inside, the particles
are porou~ . Lactose present in the particles is in an
amorphous fi]ass form . In instant milk powders , the
powder· parti c l e s ar·e aggla.erated and lactose is partly
converted into 11icrocrys tal 1 ine fonn
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The technique of drying of 11i lk was developed MallY
centuries ago. Initially, the •ilk was dried primitive! y in the swt. One of the ear 1 iest reports was -ade by
Ma rco Polo. In his 13th century journeys, he described
the production of dried milk products and their subsequent rehydration and consump tion (in refer ence 14] .
However, industrial production of dry m11k was initiated only in 1810. At that t ime. Nicholas Appert in
France developed and described a procedure of evaporating milk to one third of its initial volume in an
open vessel [14]. This product was made in a piJ 1 for m
and was air-dried to remove residual mo i stu r e [33]. The
first commerci al dry milk production wrHl based on a
Bt•itish patent granted to Grimwade in 1855. Sodi um or
JX)tassium carbonates and sucrose were used as ingredi ents in the dried milk [141. The Mnufacture of a lllilk
powder free from any alien ingredient was first report ed in 1898 for which a nlllllber of pate nts \oiUS granted
following extensive experimentation. Soon afterwards,
in 1902. the fir-st dru11- drying equip~~~ent was designed
and put into service. The develo~ent of spray- drying
equipMent and procedure can be tra c ed to a pate nt
granted to Percy in 1872 in the U.S. A. lin referen c e
30) . INprove~~ents have been .ade since then .
The introduction of an instautlzing procedure
characterized by two-stage drying ( 18, 34 - 36] has ~~ark
edl y improved the drying technique and iMproved the
quality of the mi Ik powde r . More recently, a threestage spray- drying procedure is used to produce a s upe rior product at a low energy consUfllption (2, 3, 8, 18,
24. 26, 30].
Under certain conditions. dr.ied m.llk products have
se vern 1 major advantages over fres h mi 1 k products .
These advantages include lower mass and volume than the
fresh products which means that they may be stored in a
smal Jer storage space with no special storage requireMents, and 11ay be transported more easily and at a
lower cost.
Drying of milk balances the supply of mil k with
the deMand for it. Dried surplus milk can be stored for
lung periods of ti11e. Thus. i t fons a stable food
reserve for future use. The deaand for dried •1 lk is
rapidly increasing in developing countries. There, the
Milk is reconstituted in reco•bining dairy plants and
is used to c011bat taalnu trition [11, 25] . Because dried
11 ilk products retain their high quality for a long
th1e. they are irreplaceable in hUlllan nutrition in hot
c limates . They a r e also of importance in averting starvation i n ca t astroph i c situa tions such as ear thquakes,
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epidemics, or wars It is essential, of course. t hat
the local population can digest milk. For those who
cannot, it is pass i b 1 e to produce 1 ow- lactose milk
powders. Thus, milk powders are used on a global scale
to correct the imbalance between the need for high quality nutrients and their temporary scarcity.
The drying technique Rlarkedly affects the physi cal, chemical, and microbiologi ca l properties of the
finished product. The objective of this review is to
campi le information on the effects of the drying techniques most colllllonly used on the structure and related
properties of po~ered milk.
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properties, it is beneficial to use milk powdt~rs tS
ingredients in many foods to improve their quality mdl
appeal. A wide range of applications of milk pow<i£rs.
was recently reviewed by several authors [8, 9. 13. n.
2?-29, 31}. Milk powders are used directly or indirea.ly in foods made at home. in bakery products. confe:: tionery products. meat products and meat substitutts,
convenience foods. beverages, and dietetic produc-s .
They are also used in pet foocts and animal feed
Currently. thet·e are several technological systens
used in the dairy industry to dry milk :
Roller drying:
Roller drying at atmospheric pressure
Vacuum roller drying
Spr-ay drying·
Centrifugal atomization
Pressut'e atomization
Foam spray drying
Steam swept wheel atomization
Venturi spraying
Two-stage spray - drying system producing om agglomerated powders (1970)
Three-stage spray -drying system producing eitler
agglomerated or nonagglomera ted powders (19t0 )
Foam mat drying
Freeze drying
Only systems which are conmonly used in the da.ry
industry wi 11 be discussed in greater detail in tlis
paper.
Spray - drying systems have been the subject of
intensive research and development in the past few
years although consideration has also been given to
some other drying systems. However, these attemns
failed. The current trend is to continuously modify md
improve the spray-drying systems.
A decade ago, a two- stage drying system with an
external vibrating fluid bed was developed for the pro duction of non-agglomerated powders [39]. Using tbis
system, process ing has been improved economically and
the products have attained higher quality because lower
drying temperatures were used during the final phase of
drying . This method is also used to produce milk powder
which is less hygroscopic than regular milk powder.
The introduction of a st<ttionary fluid bed inte grated in the dt·ying chamber is the most recent ilillO \'a tion of the spray-drying technique . The stationery
fluid bed was developed and introduced in i ndustrial
use in the 1980's. This develo~ent makes it possible
to maintain a higher moisture content in the milk
during the initial stage of drying and is characterized
by a lower outlet air temperature in comparison wi th
the other spray - drying systems. This means that the
economic as well as the quality parameters are impro ved
and a free-flowing agglomerated po\«<er is produced. n,e
flow chart of this three- stage drying process is shown
in Fig. 1.
The newest spray-drying procedure has been described in detail by several authors [ 1, 39, 40, 43]
and the corresponding processing performances are presented in the technical docwnentation by the producers
of the equipment [2, 3].

An objective of modern dairy technology is to
produce high- quality milk powders. Following reconsti tution, the products should closely resemble fresh milk
particularly as far as nutritional and sensory properties are concerned. However , milk powders manufactured
for various uses in the food industry may differ in
quality parameters. The following powders are produced
most CORIJI.only: skim-milk powder, partly skimmed milk
powder, and Wlole- milk powder. Of the three types listed, skim-milk pol«ier is the dairy ingredient most fre quently used in the food industry. Thus, it represents
the largest part of the milk powder production. There
are several reasons for its popularity, all of which
are associated with the absence of milk fat in the
product. One reason is the resistance of the skim milk
powder to the development of rancid off-flavour during
long- time storage. Another reason is the easy recombi nation of the powder with vegetable fats which makes it
possible to adjust the fat content in the reconstituted
milk product to the desired level.
Skim 1111 lk powder is graded according to the heat
treatment of the skim milk during production. The
<Ulount of undenatured whey protein present in the powder, expressed in mg N/g of powder as the 'whey protein
nitrogen index' (WPNI), is closely related to the heat
treat~nent. In low- heat powders, WPNI exceeds the value
of 6.0, in •edium-heat po\«<ers, WPNl ranges from 1.51
to 5.99, and in high- heat powders, WPNI is below 1.5
Varying heat treatments impart various properties to
the skill-Milk powders produced. Low- heat powder is
used, e.g., in recombined pasteurized milk and cream
production because it ensures that the resu1 tin.g products are free of a cooked flavour and thus resemble
fresh 111ilk products (44]. High-heat powder is collltlonly
used as an ingredient in ba.kery products. Bread produced with this powder has an increased water - binding
capacity and improved flavour and texture characteristics [13]. with the loaf shrinkage considerably
reduced. To produce reconstituted evaporated 11i 1 k
products from milk powders, the desired heat stability
is achieved by high- temperature heat treatment of the
skim 11.ilk prior to powder production [8, 44). Thus ,
because of their functional and nutritional properties,
various ailk powders are used as ingredients in ~ReillY
foods. The reasons leading to the use of the powders in
the foods have been discussed in greater detail elsewhere [13, 17, 24 . 27- 29, 31].
FWlctional properties of Milk powders include eJnUlsification, fat absorption, system stabilization, water
binding, viscosity, gelation, texturization, consistency formation, plastic properties formation, fibrous
structure formation, adhesion and cohesion, aeration,
foaJn stabi 1 ization, flavour enhancement, and increased
yield of the product. Because of these functional

~ffec~_Qf_Qr_y!!!iL!i:.£h!!lgues on~Microstr_uctur~
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Initial electron microscopic observations of milk
and milk products were made in Switzerland by Hostettler and Imhof (16] in 1952 . Burna and Henstra [7] were
the first to publish micrographs obtained by scanning
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f.l.L!....:_ Flow chart of the three-stage spray-drying process. 1: feed tank . 2: concentrate preheater, 3: alolliur. 4: s pray-drying charrtber. 5: integrated fluid-bed,
6: external fluid-bed . 7: cyclone, 8: bas filter.
9: liquid coupled heat exchanger, A: product inlet,
D: steam. C: coolt ns ~roter. D: air inlet, E: air outLe t , f: product ou tl el. 1Courtesy of Af\1 Anhydro A/S J .

e l ectr·on mi c1·oscopy (SEM) of spray-dried milk powders
in 198J. SEM has been used more frequently [6 , 7, lU 22. 38 ] than t1·ansmlssion elect r on mi croscopy (TEM) [5,

32] to study the st ru cture of milk powders. Thi s is
because eac h e l ect1·on microscopic technique provides tl
different type of

infomaUon.

SEM is appropriate to

st ud y the surface morphology as well as lnterna1
structure of t he milk powder particles wh ereas TEM
techniques suc h as thin - sectioni ng (32) or freeze frac t uri ng (5) 111ake it possible to identify t he i ndi vi dual powder constituents such as casein micelles and
fat particles.

AND MICROSTRUCTURE

Quality. i .e.. a c0111plex of physico-che.ical and
sensory attributes of the dried Milk products. is in fluenced by the following factors acting on milk during
the manufacturing process. or later. durlr~ storage:
(a) c he.ical coaposition of the raw mate rials (high
fat or protein content in the dairy product.
presence of non-dairy ingredients ),
(b) manufacturing tectmiques and paraMeters (separation of fat. preheat treatJIIent, homogenization.
evapora ti on).
(c) drying techniques and condHions (roller drying,
various methods of spray drying, instanttzation,
nu J ti - stage drying) ,
(d) storage condition s (packaging 11aterials and
lflethods, te111perature a nd duration of storage.
wate r activi t y in the product) .
Of a I I the factors •enttoned above, the drying
tec hn iques and conditions affect the Mi c rostructure
(di..ensions, shapes, and den sity of the particles) to
the greatest extent. Main definitions and a possible
classification of food powders according to their physicaJ characteris tics have been published in detaf 1 by
Peleg (37] . Bulk properties of the polllders are deter•ined by t heir physical and cheraicaJ characteristics as
well as by t he processing systea (Fig. 2) [30) .

Roller dr ying is accomplished by a direct heat
tra nsfer from a hot drum i nto a thin layer of evapor ated milk. After the water present in the raJ lk evaporates, the so lids are scraped off and pu 1 verized .in a
hunvn er mil l. Consequentl y, the dry particles have a
c haracteris tic structu re (Figs. 3 and 4). The irregular
shapes and shurp edges of the particles reveal that the
powder wa s produced as a result of crushing. The particles are ca.apact and contain no occl uded aJr. Even if
sOMe aer ation takes place in the ptpeJ Jnes wh i Je evaporated 11ilk is being conveyed to the dru•s. the air
escapes frc. the •ilk during roller drying . The •ilk is

E.1..s..:_k.E ff ects of various factors on the bulk density of sprardri ed milk powders. Source: {30/ .
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deaerated irrespective of whether the atmospheric pres sure or the vacuum roller-drying procedures are used.
This is evident from the equally compact structures of
the resulting powders. Although the thickness of the
evaporated Milk layer on the hot drum may affect the
particle size, the final dimensions of the particles
are determined by the hanmer mill.
Despite the compactness of the roller- dried milk
particles, their irregular structure contributes to a
low bulk density (i.e., mass-to-volume ratio) of the
powder which is lower than that of spray-dried milk
powder. Low bulk density is undesirable in milk pow:ler
because i t leads to higher packaging, storage, and
transportation costs per kg of powder. Bulk densities
of non - fat milk powders produced by various processes
are presented .in Table 1 [14].

the hot air and the milk powder particles [15) contribute to the formation of the wrinkles. Generally speaking, centrifugal and nozzle atomization of milk
destined for spray-drying result in the production of
powder particles that have similar morphology. As far
as the bulk density and the free-flowing characteris tics of the poN:lers are concerned, the nozzle atomization system appears to be preferred to the centrifugal
disk atomization. On the other hand, higher feed
concentrations may be used with the latter system. This
means that the energy consumption is lower with the
centrifugal disk atomization system [ 43] than with the
nozzle atomization system.
De Vilder et al. [45] studied the effect of the
spray-drying conditions on the physical characteristics
of whole- milk powder using the centrifugal atomization
system. When the inlet air temperature was raised to
225°C from 155°C, the bulk density and the mean powder
particle density were decreased \Oohereas the vacuole
volume was .increased. This was evidently caused by
rapid drying and moisture expansion in the polloder par ticles. A similar finding was made earlier by the same
authors [45] with powders produced by nozzle atomization. These authors also studied the effects of outlet
tempera.tures varied fro111 70° to 105°C while the inlP.t
temperature remained constant at 195°C. At a low (70°
to 95°C) outlet air temperature, uniform drying was
achieved throughout entire pow:ler particles. Because
there ~s little expansion of air at that temperature,
the combined volume of the vacuoles ~s small. Higher
outlet temperatures (95°C to 105°C) led to overheating
of the milk, expansion of the trapped air bubbles,
formation of cracks in the particle surface, a higher
combined vacuole volume, and a low mean density of the
powder particles. Consequently, the bulk densj ty of
such milk powder was low. High outlet air temperature
may lead to high porosity of the powder particles if
the concentration of total solids in the milk to be
dried is low [llJ. The fact that the outlet temperature
has the greatest effect on the overall milk powder
quality has been well known [8, 12, 26, 30, 38]. De
Vilder et a1. [45] also fou nd that the bulk and mean
power partie l e densities were decreased as the number
of the atomizer revolutions io.iaS increased.
Bloore and Boag (4] studied tile effect of nozzle
atomization on the quality of the resulting skim milk
powder using an empirical approach. They reported regression equations for the solubility index. bulk density, powder particle density, and powder particle
dimensions as related to operation variables of the
spray- drying equipment used. The regression equations
obtained were in the form of second-order polynomials
having the following 5 variables: (1) the total solids
content of the concentrate to be spray- dried, (2) the
feed rate, (3) the atomization pressure and (4) temperature, and (5) the inlet air temperature. The authors
concluded that a high atomization pressure was preferable.
Mllller [32] studied the distribution of casein rni
ce 11 es in spray-dried mi 1 k powders and found that they
retained their globular nature. This finding was confirmed for skim-milk powder by Kalcib and Emmons l21]
who. examined spray-, roller-. and freeze - dried skimmilk powders by TEM and found 3 kinds of microstructure
present. They found that pol'.der microstructure fai 1 ed
to reflect the differences in the preheat treatment of
the milk destined for spray-drying. Low·-heat, mediumheat, and high - heat powder particles appeared to be
similar

Tab I e 1
Bulk Densities of Skim Milk Powders
Produced by Various Processes

! Drying

process

I Spray-drying

\ Ro I I er-dry i ng
I Foam spray-drying (USDA*)
I Spray-drying
(cOfiYilercial)
I Instant
I
spray-drying (corrrnercial)

KALAB

Bulk density
(g/cm3]

50 - 0.60
. 30 - 0. 50
0. 32
0.26
0.59

*United States Department of A.gricuLture.
Source : Hall and Hedrick {14/.

Atomization of fluid milk into small droplets
usually causes the spray-dried Milk powder particles to
be spherical with diameters in the range of 10 to
250 um. The particles contain occluded air in the form
of vacuoles varying in dimensions. Some powders have a
large central vacuole (Fig. 5) whereas in other powders, e.g., those produced by centr ifuga 1 atomi 7.ation,
small vacuoles are distribut<..>d relatively evenly across
the particles (Fig. 6)
The surface of spray-dried particles is usually
smooth but may also be wrinkled. The vacuoles in both
the smooth and wrinkled particles occasionally contain
minute dried milk particles. The external appearance as
well as the internal structure of milk powders were
studied by Burna and Henstra [7]. These authors used a
nozzle atomization pressure of 7.85- 9.80 MPa (80 - 100
kg/cm2). They found that even particles of the same
powder, e.g., skim - milk powder, may have different
superficial structures (Figs. 7 and 8). The presence of
s1110oth particles as well as particles having severe
surface folds in the same sample is attributed to the
different drying conditions to which the individual
particles were exposed. Burna and Henstra (7] have sug gested that the formation of the deep surface folds in
the skim-milk po~er particles is caused by the presence of casein in the skim milk. This suggestion is
based on a comparison of micrographs of a spray- dried
skilll-mi lk powder (Figs. 7 and 8) w.i th those of a spraydried whey powder (Fig. 9). As far as the drying conditions are concerned, there is a greater tendency to
form wrinkles as the temperature of the inlet air is
increased. Also, large temperature differences between
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of

a

rolLer-dried sk.lm milk po'Wd.er s hows

irregular particles with sharp edges .
of a roller-dried ski m milk powder parti c le showing minute Lactose crys tal s Carrow) on it s
surface .
Fi gs. 5 and 6. Large central vacuoles ( fig . 5, asteri s k ) or evenly distributed S11all vacuolu ( fig . 6,
a s teri sk s) are present in spray-dried skill allk pCNXler
produced by c entrifugal ato•lzatlon of the skla milk.
~ SEM of spray-dried skil'll-•i Ut powder produced by
no zz le ato•ization of the skill Milk s hows various
extents of surface wrinlcl ins. (Courte sy of T . J . Bwll.a
and S. Henstra (7}J .
~Fractured particle of spray-dried skill 11illc
The interior of the parti cle is coapact wUh a few
s~Ml L vaClLole~ (a rrows J. The surfac e of the particle is
wrtnl<ted. (C ourtesy of T . J. Buma and S. Henstra {7};,
~DetaiL
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Fig s. 11 and 12. Spra y- dried milk nten tat es (c entrifugal atOJ11i 4atl on, one-stage dr yi n gJ re s emble. in
gene ra l, other mi Lit po'IIJCI.ers a s far as the surfa ces and
the internal s tructures are conce rned . Occ as ionally ,
little bu.JRps CarrowsJ appea r on th e surface s. Deep
wrinkles are noti ceable f wJ but shat low wrinklins i s
ab sent ( fig . l lJ. The parti c le s are porous lFig . l 2J.

~ParticLes

o f spray-dri ed whey . The surfa c e
wrinkle s Ca rr owsJ differ from th o s e found in s pra y dried skiM Milk. (Co urtesy of T. J . fltiiiCl and S. Hen s tra
{7/).
f.l...&._JQ. ParticLes vf spray-dried buttenniLk 1rt0.de from
swe et c ream are c haracteri s ti c by the pre s ence of
shallow wrinkles. rims around sma ll smooth globules
emerging from the large part i c te s ( arrowheads). and
crater-like scars <arrowJ.

c ontaining 20%. 27% , and 34% of total solids were
produced on a UF MOOul e Type 35-GR-6- P (OOS . Pasilac .
Denmark). The retentates were dried [47] in a spraydrier Type LAB 1 (APV Anhydro. Denmark) at an inlet air
temperature of 22o•c and an ouUet air temperature of
90°C. Centrifugal atorn.lzation was used in conjunc t ion
with one- stage drying. SEM of lhe spr ay-d ried reten tates s howed t hat they possessed all external (Fig. 11)
and internal (Fig. 12) structural features c haracteristi c of regular s pray- dried milk powde r particles and
were indistinguishabl e frm them .
Buchhe im {5 ] fre eze- fractured milk powders, repli cated the fracture s using pJatinUIII and carbon . and exa•ined the repl icas by TEM. Micrographs of low- heat
(Fig. 13) and high- heat ski11-t1ilk powde rs (Fig. 14) and
nlicrographs of whole- milk powder (Pig. 15) show casei n
micel les and fat globu l es as di s tinct entities dis persed in a lac tose/sa 1 t ~~atrix . The observations are
in agreement with King's (23] findJng t hat a~~~orphous
lac tose partly fortis t he continuous phase in spraydried milk powder particles. Although spray-drying i s
rapid. a small nuMber of lac tose crysta ls aay be for111ed
inside the powder parti c les. Warburton and Pixton (46]

- - - - - - - -- -------------Various dairy prOOucts, e.g., butteraHk , subjected to the sa.e spray-drying tec hnique we re characterized by diver se •oq:t10logical f ea ture s (Fig. 10). Such
differen ces May be used to detec t adulteration of
spray-dried •ilk products with less costly products
[20. 21 ].
Ul traf i 1 tration .ay be used t o increase the protein content in Mllk destined for spray-drying. During
ultrafiltratJon, •ilk wtdergoes •en~brane fractionation
of the constituents and the che~~~ical caaposition of t he
ul trafi 1 tered •i lk (retentate) differs fraa that of the
origina l 11i lk . ln our experiMents , 111 lk retentate s
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reported the presence of pris.-shaped lactose crystals
in freshly produced •ilk powder particles .ounted in
the Heinz fluid (Fig. 16). Saito {42] found no lactose
crystals i n freshly produced •ilk powders exaained by
SE M and X- ray diffraction analysis. However, he observed n1.1aerous pris.atic and diaaond- shaped lactose
crysta l s after the •ilk powder particles were 1t01.1nted
in the Hei nz fluid and concl uded t hat the crystals
developed during Mounting. The presence of lactose
crystals i n milk poWer is the sign of i111proper storage
associated with exposure of the powd er to high
humidi ty .

~Light

microscopy of pri sm-s haped Lactose cry stals in freshly produced spray-dri ed milk mounted ln
the Heinz fluid. (Courtesy of S. War burt on-llenderson
(46/: copyright Slough Laboratory: magnification not
shownJ .

Roetman [ 41] studied lactose crystal for.ation in
spray - dried 111i lk powders a nd t he effec t of lactose
c rystallization on the -.ilk powder particle structure
ba sed on experi~~ents with spray-drying various IIOde 1
solutions. His electron •icrographs showed that c rystalline lactose present i n the •ilk pow:l ers was either
' prec rystallized' (i.e. , the crystals o rJginated in the
milk c onc entrate prior to drying) or were 'postcrystal lir. c ll ' (i.e . , the c ry s tal s developed after s pra ydrying) . The origin of the crystals was reflected by
their shapes. Precrystall ization resulted i n a toatahawk
form of t he lactose a-hydrate. Need l e - li ke crystals of
th e lactose 8- anhydride were formed in postcrystallized
products .
In spray-dried whole- milk po\l!der, fat is present
both at the surface of the partie l es in t he form of
pooJ s and inside the parti c les in capil lary pores and
c r a c ks. The portion of the which may be reached by fat
so l vents was called extractable fat by BUllla {6) who
studied it in grea te r detai I. Another portion of the
fat, which is present in larger aJK>unts in hor.ogenized
than in nonhomogenized •i lk, is e ncapsu Ia ted in the
JX>wde r particles where i t is compl exed with •ilk proteins: it cannot be extracted easily and is resistant
to oxidation [6 ] . Because ho110genization stabilizes the
fat in this way, it is an i11portant step in t he produc tion of spray- dried hilo l e-•i lk powder: H is not , ordi narily, a required step in the processing schedule.
Di•ensions of the spray- dried particles are influenced by t he temperature of drying, conc e ntration .
and viscosity of the milk to be dried, and the at ~iz 
ing systeM used. Foam spray drying produces t he largest

fiss . 13 and 14 . Freeu-fracturing re\!eals the internal
structure and c oapos ition of skim JRi lk pov;d.er s: lowheat powder (fig . J3 J and h igh-heat powder (fig . 14J .
C: ca s ein Micelle s . CA: cavity in a fat globu l e,
rG: fat globule. LS: lactose/salt matr ir . t Courtesy of
W. & chheill (5/J .
~ Freeu-fracturins shows a high concent rati on
o f fat globule s (fGJ in ~ole-MiLk powder . C: casflill
micelle s.
Cll: cav it ie s i n fat globules. tCourt es.v of
W. Ilt chllt illl (5/ J
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Tab I e 2.
Characterization of Spray-Dried Skim Milk Powders
I
I Atomization method

Highsing I e
nozz I e

I

l

Feed cone. (% tot a I sol ids)
[ Inlet a1r temperature (°C)
Mo 1sture content (%)
1n the powder
I Bulk density of powder
I
tapped
100x

II So I ubi I i ty

tapped 1250x

1ndex (ml)
[ Vol. of vacuo I es (ml/100 g)

42
195

Med i urn- Lowcapacity
multiple
nozz I es nozz I es

*

44
170

3. 2

3.6

0. 62
0.65
0. 3
26.0

0. 72
0. 76
0.8
13.5

42
170

Steam-swept
whee I

Rotary whee I

B
45
180

3.4

3. 7

0. 72
0. 77
0.2
4.0

0. 79
0. 83
0. 3
5.5

46
200

50
200

50
250

3 .B

3.6

3.9

0.62
0.65
0.1
21.5

0. 76
0.80
0.05
11.8

0.71
0 .74
0 .1
14 .3

*

A limited rmmber of samples \ms available from corrunercial production. The listed operating conditions and .ther
results may not represent the optimum.
Sourc e: PlseckY {381.

pol«ier particles. They are followed, in size, by particles obtained by centrifugal atomization . The nozzle
atomization system produces the smallest powder
particles.
A high quantity of occluded air in spray-dried
milk particles is Wldesirable because it results in low
bulk density of the powder. The quantity of occluded
air is about the same in milk powders obtained by
centrifugal and high -c apacity pressure atomization
However, the bulk density of powders obtained by nozzle
atomization in lOW"- capacity plants is higher and this
is evident from Table 2 {38]. Vacuoles in spray-dried
milk particles originate as the result of air incorporated in concentrated milk prior to spray- drying and
during the drying process. Evaporation acts 1 ike a
deaerator, while atomization during spray-drying introduces air into the milk. PiseckY et al. [38] designed a
special atomizer called a 'steam-swept wheel '. Here,
steam is introduced into the atomizer and, consequently, the air - liquid interface is replaced with a steam1 iquid interface. The effect of atomization on the

shrinkage of the milk particles is evident fran Figs.
17 to 19 and from Table 2. A two - stage spray-trying
system has a similar effect on particle shrinkagt.
So-called instantization of milk powders is an
additional development in the drying of milk. Tte objective is to agglomerate the pri~r~ary milk JOWder
particles in order to make their dissolution in water
easier. Agglomeration changes the microstructure Df the
powders (Figs. 20 and 21) . Partial conversion •f the
amorphous glass form of lactose into a microcrysttll ine
form also takes place as the result of instanti~t i on .
This is accomplished by maintaining a higher mcisture
content in the powder particles during the two- stage
drying process . This moisture is removed fo1lowhg the
agglomeration of the powder particles.
Milk powders produced in the three- stage s praydrying system are similar in appearance (l-3, :D, 40,
43] to instant powders obtained in the two-stage o;ystem
(F igs. 20 and 21 ) . The primary powder particl !s are
agglomerated to a varying extent depending m the
equipr~ent and the drying process used.

Figs. 17 [Q. SEM micrographs showing the effect of atomization on the appearance of skim milk powders. Fig 17:
Stea m-swt>pl wheel atomization. Fig. 18: High-capacity nozzle atomization. fig. 19: Medium-capacity n rzzte
atomi za tion. fCourtesy of J . P{seck_V {38]J
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Po\Ooder· particle dhlen s ions ar·e tnf luenced by t he

concentration and v iscosHy
of the 111 lk, the atowdzin1:

system, and the temperature
of drying . F'oi:UII spray- dried

particles are largest . pa r Ucles obtained by centri
fugal ato•ization and s m<ll 1 er and particles produced
by nozzle atomizatio n are
smallest.
With insta ntization and
integrated f 1 uid bed technologies well estabJished, it
is assumed that the future

trends in 111 1 k powder pro duction wi I 1 he !n the mocU
fication of pr·oc esses and
equiplllent used . Electron
Microscopy wi I 1 be a tool to
evaluate the effects of the
innovations. It will continue to provide infomation
about the 111icrostructure of the powders as related to
their other physical properties.

Flss. 20 and 2 1. Powder particles are agglomerated in i nstant milk po'ol.'ders.
c rystalline lactose f arr ows)
su rface CFlg. 21>.

is noticeable at

Mi cr o-

a hi gher magnifica ti on on particle

Mode rn. sophisticate d dairy technology makes it
JXISSible to dry •ilk in powder fon. Nutritional and
sensory properties of the reconstituted products reseable fresh Milk very closely. However, the quality of
the final product is affected by a number of factors
such as the chewlica1 composition of the raw milk and
its treatment, drying techniques, and storage conditions. The most recent deve lopments in the spray--drying
technology are aimed at producing a wide variety of
Milk potoders at a low energy consumption and capHal
costs as l ow as possible. The powders produced should
have excellent properties (free- flowing property and
solubility) and retain high quality during storage.
Although lll<lnY effects are interrelated. th e drying
conditions affect the •icrostructure and related properties • ost severely. SEM has been used 11ore frequently
than TEM to investigate the •icrostructure of the •1 lk
powders. Particle di11e11sions, shapes, and densities as
well as the presence of lactose crystals can be easily
evaluated by SEM. TEM is 110re suitable to identify the
particular powder constituents. TEM studies have shoiiKl
that casein mi cel les and fat globules are dispersed in
an uorphous ~~atrix cOflposed of lactose, h'hey proteins.
and salts. In whol e-milk powders, fat is present both
at the surface and in the capil lary pores as we l l as in
cracks inside the powder particles.
Spray- dried particles are mostly spherical and
contain vacuoles of occluded air inside. The surface of
spray-dried particles is usually Sllooth with a high
occurrence of wrinkles and deep folds. The tendency to
form wrinkles is greatest at high inlet air te~~perature
and also when large tellperature differences occur between the hot air and the milk particles. Centrifugal
atooization as well as nozzle at011ization, followed by
spray-dryini!, produces powder particles of si•i lar
•orphology. Stea• - swept wheel ato•ization leads to
particle shrinkage and a high bulk density of the
powder. Physical characteristics of the powder parti cles such as vacuole volUMe. bulk density, free-flowing
properties etc. are c losely correlated with the parti cle •icrostructure. In contrast to spray-dried powders ,
roller-dried •ilk JXlwder particles are c011pact and have
characteristic irregular shapes with sharp edges.
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Warbur ton- Hende rson for Fig. 16. 1lte authors also thank
APV Anhydro A/S and A/5 Niro Ato111izer for supplying
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Introduction
Process cheese food was ~~ade using sodiUM cHrate
(2.7%) or trisodiUM phosjilate (TSP, 2.7%) as eMUlsifying
agents . No precook~d cheese (rework) was used in so11e
saaples whereas in others the rework (20\.) consisted of a
cheese blend enrulsified with sodJ1.111 citrate (2.'7%) and
(a} briefly heated to a2•c. (b) heated to s2•c for 1 h,
(c) heated to 82•c for 5 h. and (d) heated to s2•c for
5 h. frozen at - 10•c for 24 h. and thawed at •4•c. Heat ing for extended periods of time produced so- ca I led hot
melt. Wh en used as rework. hot melt considerably de creased the me 1 tabll i ty of the product made. A11 samp 1es
under study were examined by J ight microscopy (LM), scan ning e 1ect l'on mi croscopy (SEM) , and trans mi ssion e 1ectron
m.icr·oscopy (TEM) . Gradual solubilization of t he emu lsi fying agents .in the cheese blend and emulsifi cat ion of
fat we r e vlsuaJJzed by LM and SEM. TEM revealed considerable changes in the protein natrices of the hot ael t and
the process cheese food ~nade witll TSP. S.al 1 e l ectrondense ar•eas having a h igh a f finity for osaillll developed
in both products, but their shapes and degrees of affini ty for osMiUM were different. It ~s possible to detect
the presence of hot 11e 1 t used as rework in the process
cheese food samp l es under study .

Process cheese food is an ellllllsion prepared by cooking one or 110re varieties of natural cheese wlth other
ingredients such as water, 11ilk sol ids including butter,
e.ulsifier. salt, and colouri ng agents to produce a h011oe:eneous product. According to canadian regulations [121.
process cheese food s hould co ntain no less than 51%
cheese and the final product should have a maxilllllll'l 46% of
Moistur·e and a mini111um 23% of fat. Process c hees e food
can be packaged in cans or as blocks but is raarketed most
common 1y in a s 1 ice form for conveni e nc e of use.
Processing condition s vary dependlng on the equipment used a nd the type of the cheese product to be made
A minimum temperature of 65° - 70° C is desirabl e for pt;o cessing [7]. In general, a high cooking te11perature such
as ao• - go•c with suffi cient stirring and an appropriate
holding t1nle renders a un ifon product a nd generally
ens ures Jts microbiological safety (9) . Howeve r . the heat
treatment app l ied during cooking and ho lding varies and
c an become excessive at ti mes . Excessive heatJ ng ca n
occur. e.g . , if there is a delay or stoppage in packaging
1 ines. Consequently, the process cheese food eRJlsion
thickens considerably and becoMes difficu It to ext rud e to
form slices. The stiffened mass. which is called 'hot
111elt' . is ret~oved from the pipes using COMPressed air and
is frozen until re - used. To be re - used ('reworked' or
'reprocessed' [ 7 ]) , hot Me 1 t is thawed. shredded, and
added as an ingredient into a fresh cheese blend. Thus.
hot melt is a type of process cheese food rework. whi ch
can be defined as any process c heese food that is not
packaged for sale although it meets t he product speci fi catio ns but is mixed with a fresh blend and processed
again. Unlike regular rework (i .e., precooked c heese),
however , ho t me lt sometimes increases t he viscosity of a
freshl y cooked emulsion a nd changes t he qua l ity of the
f.inal product in an unpredictable way. It is not under stood how hot melt affects the texture of the pr"Oduct.
The objective of th is study is to exa• ine the effect
of hot melt (used as rework) on the mi crostructure and
rheological properties of process cheese food.
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Materials and Methods
Two series of experi.ents were carried out . In the
first series, hot melt taken out froa the pipes of a
coM Mercial plant was used as rework. Three types of
rework were exaained: (1) Regular pro cess c heese food
slice. (2) quickly frozen cooked process c heese food
emulsion , and (3) hot me l t.
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The regular process cheese food slice used in this
present study was a product of the usual kind fro m a
process c heese plant. Hot ~~~e1 t was produced in the plant
by slowly cooling (fr0111 82°C to 4°C in 5 h) and freezing
cooked process cheese food etaulsion that was too thick to
extrOOe. The quickly frozen process cheese food emulsion
was prepared by rapidly cooling (fro• 82°C to 4°C in
10 ain) and freezing a process c heese food e•ulsion
cooked in the laboratory using the saMe cheese blend.
Preoaration of process cheese food on laboratory scale
Mixtures of natural cheeses were shredded in a Hobart cutter/mixer (Model N-50, The Hobart Manufacturing
Company, Troy, OH) and blended with other ingredients .
water, butter , and salt were added to adjust the composi tion of the product to 45% water and 24% fat, and sodium
citrate (2.7%) was used as an erulsifier. The blend was
cooked in a stainless steel container therMOstatica 11 y
controlled by a boiling water bath. With the agitation
provided by a Cafra11110 stirrer (Type RZRl. Canlab, Wiarton, Clltario, canada). the internal temperature of B2°C
was achieved in 5-7 rtin. Cooked emulsions were stored in
500 g plasti c tubs at 4 °C.
Hot melt was prepared on laboratory scale by holding
the process cheese food emulsion made with sodiWR citrate
at 82°C for 1 h and for 5 h to study the effect of two
different heat treatments. The hot 111el t was then frozen
at -10°C for 24 h , thawed at +4 °C, s hredded , and used as
rework at 20% (w/ w) in a fresh c he ese blend. Sodium
citrate or trisodiulll phosphate (TSP. 2. 7%) was used as
the eMU l sifying agent for the Mixture.
~~~~!lL2f.1!£lli!!:.~.!!..LY iscosi ty:
Innediately after the e111ulsion had been cooked. its
apparent viscosity was measured using a Brookfield visco11\eter (Brookfield Engineering Laboratories, Stoughton.
MA). The T- b type spindle wa s used at 4 rpm with the
Helipath feature in operation. At the ti me of 11.easure 11ent, the temperature of the e11ulsion was 71 ± 2°C.
Results are presented in poises
DeterMination of fir11ness
The fir~~ness of the process c heese food was deter lllined after 24 h of storage at 4 °C using a precision
penetrometer (Precision Scientific Co., Chicago. IL) . The
cone penetrating into the cheese under a load of 150 g
was 2.0 c11 in diaMeter and was 3.2 em high . Results are
presented in depth of the cone penetration in mill i lleters
§.!ll~t •eltability
After the penetration test, S6111p1es were cut into
disks 6 u high and 40 11\JR in diueter and equilibrated
for 2 h at 20°C in petri dishes . The equilibrated disks
were then pla ced in an oven heate d at l40°C and kept
there for 6 nlin to melt. After cooling to 20°C for 30
min , th~ diameters of the mel ted d1sks were measured
using a ruler. Results are expressed in mill i meters
Q!~ica l.A,!ll!llli!
Moistur e of the process cheese food was deterntined
by a vacuu111 oven 11ethod [ 1} and the fat content wa s
deten..ined using a rodified Babcock test (61
Microscopy
All process cheese food samples subrlli tted for microscopical examination were first cooled in a refrigerator
at 4°C for 4B h before vacuum packaging and shipping
using a cooled contai ner
For 1 ight microscopy (LM), 1- 2 mm cubes of unfixed
process cheese food samples were frozen at -2 0°C and
sectioned into sections 6-8 um thick using a Cryo-CUt E
11icrotome (Reichert - Jung Scientific Instruments , Belle ville, Ontario, Canada). The sections were affixed to
glass slides, air-dried. stained. and examined under a
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Zeiss Universal Research Photomicro sco pe (Carl Zeiss
Ltd., Mon treal, Quebec. Canada). The microscope was
equi pped with both a conventional brightfi el d ill umina tion system and a III epi RS epi - illUJninating condenser
combined with an HBO 100 W mercury- arc ill u111inator for
fluorescence ana I ysis. An exciter/barrier fi 1 ter set for
maximum trans11ission at 450-490 na/>520 nm was used for
fluorescence exaMination of sections stained with Acri dine Orange (BOH Chern . Ltd., Pool e, England), or Nile
Blue A (Eastman Kodak Co .. Rochester. NY) according to
tl1e methods described by Yiu (13] . Unstained or stained
sections were also viewed under crossed polarizers to
examine the birefringence of crystalline structures.
Photomicrographs were taken with Ektachrome 400 Daylight
film and were proc essed as black- and- white prints.
For scanning electron 111icroscopy (SEM). the process
cheese food and the hot melt sa11ples were cut into
prisms. 1 x 1 x 10 mm. The prisms were fixed in a 3.5%
aqueous glutaraldehyde solution at 20°C for 2 h. washed
in water, dehydrated in a graded etha nol series, and
defatted in chloroform. Then the sa11ples were returned
into absolute et hanol. frozen in Freon 12 cooled to
- 150°C with liquid nitrogen. and fractured tmder liquid
nitrogen. The fragments were melted in absolute ethanol
at 20°C and were critica l point - dried in a modified
Samdri PVT-3 critical - point drier (Tousimis Research
Co rp ., Rockville, MD) using carbon dioxide. Dry fragments
were 110unted on aluminUIII stubs, sputter - coated with gold
{a layer of gold approximately 20 nm ttdck) using a
Technics Hwnmer II spotter coater (S(XIuelec Ltd., Mont real, Quebec . Canada) and examined in an AMR- lOOOA scan ning electron mi crosco pe (AMRay In c .. Bedford, MA)
operated at 10 kV . Mi crographs were taken on 35- 1!111 Kodak
Plus- X film.
For transmission elect ron microscopy (TEM). the
samples initially fixed in the 3.5% glutaraldehyde solution for SEM examination were cut into parUcJes app rmd lllate l y 1 111111 in diameter and these were postfixed at 20°C
for 2 h in a 2% os11iu11 tetroxide solution in a 0.05 M
veronal - acetate buffer. ~ 6.75, washed with the buffer,
and dehydrated in a graded ethanol series. The dehydrat ed
samples were embedded in a Spurr's Jow- viscos i ty medium
(J. B. EM Service. Inc., Pointe Clail'e-Dorval, Quebec,
Canada). Sections. approxi mately 90 nm thick. (obtained
using a diamond knife mounted i n an OM U2 microtome.
Reiche r t Optische Werke AG. Vienna. Austria) were stained
wi t h uranyl acetate and lead citrate solutions (4. 5] and
ex<lllined in a Phil ips EM- 300 electron microscope (N. v.
Phi 1 ips. Eindhoven, the Nether lands) opet·ated at 60 kV
Mi crographs were taken on 35 - llllll Eastman Kodak Fine Grai n
Release Pos itive Film 5302
Fat globule dimensions were eval uated from micro graphs using an MOP- 3 Digital Image Analyze r (Carl Zeiss,
Inc .. Don Mills. Ontario, Canada). The fat globu les were
grouped into size classes at 1.0 urn intervals. Particles
in each range wer e assigned the mean dian~eter of that
range which wa s used to calculate the total area of the
sections. Corrections for true diameters were not used .

The commercjally made regular process cheese food
slice and the quickly frozen process cheese food emulsion
were homogeneous soft produc t s with fl smooth texture. The
hot melt sample was dry and c rumb ly, especial ly in the
core region. Physica J and chemical changes may take place
in the hot melt before it is used as rework . Firstly , the
core receives t he most heat treatment before coo ling due
to the difference i n t he cooling rate depending on the
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matrix of hot melt (sample 14) and a less dense protein
matrix with thin protein strands of the regular process
cheese food blend (sample 11) were demonstrated using
Acridine Orange (Figs. 1 - 4). Staining with Nile Blue A
showed that hot melt contained an apparently lower concentration of fat globules than the regular process
cheese food b1 end (Figs. 5 and 6). An absence of crystal line structures in the hot 111elt component and their
abWldance in the regular process cheese food base was
noticeable when both samples were exan.ined Wider polarized light (Figs. 7 and 8). It is evident that sodium
citrate crystals used to make the hot melt co111ponent had
been dissolved in the aqueous phase of the cheese during
the preceding processing treatment . Crystals of the eiRulsifying salts added to the fresh cheese blend, i.e ..
sodium citrate in saMple Ill and TSP in sample 1'17. were
sti 11 noticeable at the beginning of processing when the
temperature of the cheese blend reached 71 °C.

position in the container into whic h hot 11el t is placed .
Secondly, solutes are knoN'l to 11igrate towards the centre
of hydrated reterials upon freezing (3]. The changes thus
induced may contribute to the characteristics of the hot
melt . When the hot melt is added to a fresh batch. i t IIHY
lead to the formation of a thick and Wldesirable texture
of the finished product.
Text!!!:!!.!_Qropert.!.!::~

Using the three types of rework of commercial origin
mentioned above, five kinds of process cheese food were
prepared in the laboratory (first column in Table 1). All
the process cheese food contained 43 ± 1% moisture and
24 ± 1% fat, and its pH ranged from 5.5 to 5.7. The
results of the apparent viscosity, firmess, and melta ~
bility tests are summarized in Table 1.
Tabl e 1.
Textural properties of process cheese food with rework .
~-------- - -~----------------,

j Composition of
I process cheese
i food samples

Apparent
viscosity
(poise)

Fir1110ess
(pen read ing in mm)

Meltability i
(melted diameter in mm) I

Table 2.
Process cheese food samples examined by microscopy

i

1-----------------------------:
Regular PCF*
I

I
1

(no rework)
Regular PCP*,
containing:
i
20% quickly
I,
frozen PCP*
20% PCP* slice
I
10% hot melt
I
20% hot ~~~elt

j

200

12.9

62 .8

j

I
1

i
1

i

+ NaCi t

1

I

1J . 4
12.0
11.3

10.2

48 .5
46.5
45.9
40 . 0

,I

1

j

I

j

12
#3

PCF
PCP

i

t4

#3

I
I

82~-

NaCit

held at 82°C for 1 h I
held at 82°C for 5 h 1

l·-;5-----;c;---:_- NaC!t

-------~~

I

1-----------------------------...l

*

Te.perature:

+ NaCi ; ; ; - -- - cooked to

I
400
490
750
840

.

N1111ber: Ca..positlon:

~----;;----;;-;.

1

#6

+

;~o~~n t:~!o:~ ~~~

15

76"C

1

I

L_~?_ ____
•s____________~ __!
I #8
PCF + NaCit + 20% of #1
71°C
I
I 1'9
#8
76° C
I

Process cheese food

The apparent viscosity of cooked process cheese food
emulsion wa s increased in genera l when any rework was
added; the increase depended on its type and amotiDt. The
process cheese food slice and the quickly frozen process
cheese food emulsion used as rework increased the
apparent viscosity of fresh batches. The increase was
considerably greater with the hot melt used as rework a nd
was direct I y related to the amount of the hot melt added
At 71 °C, the cooked proc ess cheese food emuls i on wa s
easily pourable whereas the emulsion made with hot melt
was too thick to pour.
Results of the penetrometer tes t show that rework in
general decreased the depth of penetration. indica t ing
that the firmness of the product was increased. The
sample with the greate s t a mount of hot melt was the
firmest. whereas the regular process cheese food with no
r e work, us ed as a control. was the softest. There is a
positive correlation between appare nt viscosity of the
c ooked emu 1 sian and f irlllfless of the produc t.
Products that are easy to melt, such as the regular
(control) process cheese food c ontaining no rework, have
large melted diameters (Table 1). The finished product
c ontaining 20% hot melt almost did not melt at all under
ex peri ment al condi tions and, hence, had the smal l est
melted diameter. In the samples Wider study , the melted
diameter showed a negat ive correlation with apparent
viscosity and firmness of the process cheese food

I

flO

#8

82°C

i

71°C
76°C
82°C

I

1-------

!
j

I

#11
#12
#13

PCF

I
+

NaCit

+

20% of 14

Ill

#11

II

1I-------------------------:
114
PCF
+ TSP***
71°C
i
j

115
116

#14
#14

76°C
82°C

I

1-------- - - - - - - - - - - - - - -- - - - - - -1

I

I
I

117
118
119

PCP + TSP
1'17
117

!

:~~

~~

+

20% of 11

71°C
76°C
82°C

I

;!:~

I

I
1

:-------------------------1
+ TI>P +

20% of #4

I!_ _
#22
#20
82°C
I
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _,
* Process cheese food
** Sodiwn citrate
*** Trisodium phosphate
Both the fluorescence and polarizing microscopy
studies revealed a distinct boundary between the hot melt
component and the regu 1 ar process cheese food base in
samples that had been heated to 71 °C. However. no dis tinct boundary was observed in samples heated at higher
temperatures. Apparently, hot melt became uniformly di spersed in the b J end soon after the temperature of 71 °C
had been exceeded.
~£!!!!.D.J..!!~.!~!r.QQ.....!!!!£!:Qg,Q.~ Process cheese food
samples examined by SEM were considerably smaller than
those examined by LM. This difference in size is

The process cheese food samples excunined by micro scopy are listed in Table 2.
,!.!_g!! .!:_'!!.i£!:.Q~£9~ C 1ea rly distinguishab1 e mixtures
of cheeses were revealed by LM in samples #11 and 120.
Differences were found in t he structure and chemical
com position of both samples . A rela tively dense protein
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stipulated by the technique used. Dehydration in ethanol .
freez ing, and cr iti ca l point-drying of samp l es desti ned
for SE M require t hat the sa111ples be s mall. I n s ma ll
samples, however, it was di ff i c u 1 t to find borders bet ween the two ki nds of material, i.e .. the regular cheese
food blend and hot melt .
The starting material. wh ic h was obtained by cooking
a fresh cheese blend to 82°C (sa!!ple t1, Table 2) contained a great number of c rys tal s of sodium citra te [81
u sed as the e JIUl sifyi ng agent (Pig . 9) . By holding the
blend st thi s temperature for 1 h (sasnple 12) and also
for 5 h to give it an excessi ve heat tr eatme nt a nd to
produce hot melt (sample 1 3 ), t he occurren ce of th e
sodium citrate c rystals was markedly reduced (Figs. 10
and 11). Following freezing to - 10°C for 24 h and thawing , t he r e wa s al •ost a c0111p l e te absence of sod iu11 citr ate c r ysta l s in sa mpl e 14 (Fig. 12} . No struct ural
difference between the base and the rework was detected
in swnples 18, 19 , and 110 , all of which consisted of a
regular cheese blend containing 20% of saMpl e 11. but
differed slightly i n terms of the degree of pr ocess ing. A
siMilar finding was made in samp l es 117 , 118 . and 119,
al l of whi c h containe d the sa111e ingredient s as t ho se
present in the sa.pl es .entioned above except the e mul si fying agent whic h was TSP.
There was a marked diffe rence. however, in the processing conditions to which the two components were exposed in sampl es 11 1 to #1 3 and i n samples 120 to 1 22.
Although the sMa l l sarDples (<1 •2) aade it diffi cult t o
find sites whi ch would show both c011ponents side by side.
ainute cOMpact areas were occasionally found i n sOMe of
the samples under study, e.g., i n sample •12 (Fi g. 13)
The process cheese food blend emulsified with TSP (sample
114, Fig. 14) reselftbled in general the cheese blend emul s ifi e d with sodium cit rate (sa11.pl e 11 , Fi g . 9} except
that t he structure was coarser, e.g., the fat g lobules
and the crystals of the etaulsifying agent were l a r ger . In
addition, calciual phosphate crysta ls [2, 4, 8] wer e abWldan t (Fig. 14} apparently a s a r esult of using a phosphate - based emul s ifying agent. Compact areas wer e presen t
i n this produc t (Fig. 15) although no rework wa s used . I t
i s doubtful , therefore , that c ompact a r eas noticeable by
SEM also in other sa.ples of this experimental series
could be related to the pres ence of hot 11elt. Mi xtures of
the base cheese blend and hot me lt ew.ulslfied with TSP.
i.e., sa~~ples 120 t o 122, contained a highe r concentra tion of the c 011pact areas, soJAe of t«lich were quite large
(Fig . 16}. than saaples I'll to 113, where such areas were
very rare . Gradual dissolution of TSP in these process
cheese food saMPl e s was also evi dent .
I t was assuaed that usi ng differen t eaulsifying
agents would make it easier to distinguish hot melt from
the process cheese food base. Howe ver, LM showed (Figs. 7
and 8) that there was a structura l difference between a
briefly processed c heese blend and hot ~~elt even if both
products were raade using the same eiRllsifying agent. The
occur rence of sod lua citrate crystals was high in the
br ief ly pr ocessed cheese and was l ow in the hot 111elt
because MOst of the crystals had disso 1 ved during the
extended period of heating. This finding was confirmed

5. H.

yI u

Transmi ssion electron microscopy. The h igher resolu tion provided by TEM.. as compared with LM a nd SEM. .ade
it poss ibl e to exa mine the str uctures of t he process
c heese food and hot melt samples in greater detail. At a
low magnification, TEM was used to study the nature and
the size di stribution of emul sif ied fat parti c les whereas
structural detai Is of the prot e in matrix were e xamined at
higher magni fications .
Fat particles were COW1ted and Measured in composHe
micrographs of total ar e as of ap proximate! y 6250 UJR 2
using a Zeiss MOP - 3 digita l ia~~age analyze!'. The fat
particles, enl arged 4000X, we re c lassified (class inter vals of 1 urn) for diameters. Oecause the areas s lightly
differed frofll each other, th e data were adjusted to th e
standard area of 6250 UJII2, r e l ated to the dimensions of
t he sections a nd the 60 - mes h hexagona l grids used to
s upport t he 111.
In the hot melt (sampl e 14), emulsifi cation appeared
to be more advanced than in the regular proces s cheese
foo d (sample 11) and the numbe r of the fat particles in
the hot melt was higher by al most 25% (Fig. 17) . 111e 111ean
diameters were converted into mean radi i (shown i n Figs
17 and 18) and these were used t o ca l cu la te th e c i rcul ar
areas occupied by the fat parlicles. The latter distribution is presen ted in Fig. 18. Assuming that t here was no
c hange in the total volume of the fat pr ese nt i n the
process c heese food sampl es, the total a1·ea occupied by
t he fat particle sections in the micrographs s hould h..ii ve
reFRained the same; the empirical difference of a pproxi ~~at ely 11% mu st, therefor e. be considered as an acceptable experimental er ror . The r e wa s a high e r number of

El..8:_L Proce ss chees e food blend con t aining 20% of hot
melt, ewtUl s ifled with sodium ci t rate and heated t o 7J°C
(s aaple 1UJJ. Sect ion stai ned wit h Acridine Or ange re ve al s the boundary bet ween fr esh ly processed ch eese (dark
area> and ho t 111elt (li ght area ). Dark circles (arrowsJ
are fat globul es.
~The same sample as in Fig. 1 reveal s s tructural
difference between the two component s at a higher magn ifi cation. Li ght do t s (s~~~all arrows) are l actic acid bacte ria , dark c ir cles <large arrows) are fat g lobule s.
fJ...&....;L_ Process chee se food blend containing 20% of hot
melt, e1ru.d si fied with tr iso dillJII. phosphate and heated t o
7/ 0 ( (sample 1120). Section s tained with Acridine Orange
reveals the boundary betwe en fre shl y processed cheese
(d ark area ) and h ot melt < Light area) . Dark circles
( arrowsJ are fat g lobule s.
~The same sa..pLe a s tn Fig. 3 rev ea l s s tructural
difference between the two COIRponents at a hi gher magn ification. Light dots (SIRQL l arrows ) ar e lact i c acid bac teria, dark circles (large arrows) are fat globu les .
~Staining of a section of sample #11 with Nil e
Blue A shows the distributi on of fat parti cles (Light
circles, arrows ) in the hot aelt (H ) and i n th e surroundfre shly processed cheese food (5).
f.1...s..:..... Section of sample # 20 s tained with Ni.Le Blue A
deaonstrate s a si mi tar ob servati on as in Fig . 5. Arrows :
fat IXJ.rticle s, H: hot melt , S: freshly proces s ed cheese
food.
.E.l.3..:..__l_ An un s tained sect ton of sa11ple #11 v iewed in
polarized li g ht shows c rys talline inclu si ons ( arrows ) ln
the freshly proce ssed chee se food co•ponent (SJ and their
absence in the hot melt ( HJ.
~An un s tained section of s ample #20 viewed in
polarized Light shows crystalline inclusions (arrows) in
the freshly process ed chees e f ood component (5) and their
absence Ln the hot met t CHJ.

ins

by SEM.

LM studies showed that hot me lt dispersed readily in
the cheese blend elllllsified with either sodiu. citrate or
TSP. Hence . LM appears to be aore sui table for detecting
the dispersion of hot aelt in the process cheese food
blend than SEM. However, neithe r teclmique helped explain
why physical properties such as finnness and meltability
were changed in t he finished product if it contained hot
11elt .
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coalescin~ fat particles in the hot ae1t (srunples • 3 and
•4 ) than m sa 111pl e 11. The large composite 11.icrographs
used to d e teralne the fat particle size distrJbutlon

local concentration of the heavy Meta ls resuJ ling f ro.
their •ore intense binding •ay have s iRIUlated a llore
COIIpact structure. To estab lish whe th er there were diffel'ences i n the intensity with which t he clusters \«)Uld
bind the individual hea vy metals, sec ti ons postfixed with
osrahw tetroxide but not stained, a nd sections s tained
wH h uran y l a ce tate, wit h l ead c itrate, a nd wHh bot h
reagen ts we r e exaJAined . The da r k a reas are clearly visi ble i n a n unsta ined section f Fjg. 24) indicating that
thei r affinity for osmium wa s hi gh. Ot he r· st r ongl y osmi ophj Ji c st ructures were found to form a part of the lining
at U1e fat particles. Sections stai ned wit h only uranyl
ace tate or lead citrate did not diffe r in contra st from
unstained sections and are there for e not s hown .

s howed lh ls phen011enon better than the relati vely SMII
a r·eas of i ndividua l Micrographs presented in Figs . 19 and
22. It Is probable thal the fat particles coalesced in
the proces s c heese food du ring the pro I onged heat t ng
without s t i r-r lng.
There were a l so structural dif fe r ences in the ap-

pearan ce of t he fat partic le s. In the initi a l process
cheese f oOO (sampl e II), mo st fat globules appeared to be
lined wi th a materia l t hat wa s less electron -dense than
th e s urround i n g protein matrix (Figs . 19 a nd 20 ) . Th e

occurr ence of this mate ri a l was lower in sa mpl e 12
(Fig. 21) heated for 1 h at 82°C and was almost compJ etely absent i n hot me lt (samples t 3 and #4, Figs. 22 and
25 ) he<t: ed for 5 h. TI1 P. nature of thls material is not
kn own . It may be hypot hes i zed that its in c iden ce was
ass o ci a tt!d with the addition of wat er to the initial
cheese j J end .
Prol ooged heati ng of the process cheese food ~~~ade
with so::liu• c itrate led to the develo~ent of characteristic electron-dense areas (Figs. 22 and 25). Repetition

300
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citrate as a result of prolonged heating and were not
artefa c: s . These e I ectron- dense areas had sharp out I ines
even at a higher magn ification (Fig . 23) and were di s tinctly different fro 11 fa t globule membrane fragments
wh ic h \oere present in sma 11 quanti ties in the process
c heese ~ ood samples. It is possible that the protein i n
the e I e;tron- dense areas was changed in s uch a way that
it for ne d Co lllpa c t c lu sters or that its affinity for
os mium , ura nyl, and/o t· l ead was increased. The i nc reased

f..i.s:__1L Histograas of the size d ls tributi on ( r adii in
2
Ulll) o f fat particle sectio n s in a r e a s of 6250 um
in
process cheese food sa.ple s # I
(ba s te process c hettse
food. ) and 14 ( hot !Ill! l t J.

fJ...&....!L Grocess

ch eese food blend bri efly hea t ed t o 8 2 °C
(s aaplt llJ . Round void s pa c e s in th e c he ese aatrlx
tndl cat 1 the distribution and diaensions of fat g l obu l es .
C: sodlua ctt rat e c r ys ta I s.
Fi g. 10. Process cheese food blend heated at s2•c for I h
(staple 12J. Sodlua c itrate c r yst al s (CJ are s.-all er and
le ss n!Dierous than in sa.ple II.
El&...l..!...:. Process c he ese food blend heated at
for 5 h
( hot ae . t, su ple I JJ. Most s odiua ci trate cr ystals are
di sso l ~d. arrlNis point t o a few c r ys tal residues.
Fig. 12. Process cheese food blend heated at s 2 • c for 5
h . fro zm a t -w•c for 24 h . and thawed at 4 •c o wt nae It ,
sapl e f4 J . In c omparison to the precedlns s aaptfr s , the
stru c twe i s characterized by the absence of crys tal s of
the sod .um ci trat e emulslfyins agent.
~ Sa mpl e #12 c onsisting of process cheese food
blend ls ample #I J t o whi c h 20% of rework (hot mel t .
sample 14 ) wa s added and the mixture was bri efly hea ted
to 76 °C R: co111pact area , arrows: resiclaes of the emulslfyln.g a te n t (fSPJ crystal s.
~Pr ocess c heese food blend e.u.lsifted with 2.7"
tr isodi.UIIl phosphate ( TSPJ . No rework wa s use d (s a•ple
114 J. C: crystal s of the nwl s{ fyins agent , TSP. Arrows:
calciUII pho sptnt e c r yst al s are abundant.
B1L.1.±._ Saapl e 114 contains ca.pact area s ( RJ a l thoush
no rewo1k \olld S used. C: gradually dissol v ins c ry stal s of
the eiiU slfy tns agent , TSP.
f1.8..:.._J_§_ Sa•ple 1 20 consis t ins of proce ss cheese f ood
e.-ulsifed wi th 2.7'£ TSP and 2/A of rework Csuple 14J.
The •lx ure w:o s heated at 76°C. R: c OIRpact area, arrows
point
o re s idu es of the eMulslfylng agen t ( T SPJ
crystal!

arc

E..!:l:.....1.!

Hl stosra.s showing the di s tribution of c oabtned
areas (in Ull2J occupied by fat particl es classified by
their radii ( in u.J in area s of 6250 Ulll 2 in pro c ess
c heese food saxaples #1 ( ba sic process c he ese food. J and IU
( ho t •eltJ , c cilculated fro• the •ean radfi s h&wn i n

Fts . 11.
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~Process cheese food blend heated t o

8r C (s ampl e
tllJ. 11: La c tic acid bacteria , Light arrows : fat globule
•eabrane fragMent s. dark arrows: fat particle (FJ L lning.
~Detail of fat particle (f) OSJAiophll l c lining
far row) in sample 11.
calciUJII sa lt cr ys taL.
~Process c hee se food heated at
f or I h
tsa•pl e t 2J. 111 : ai c roorsanisas , light arrows : fat globule
aelllbrane fra!Jtlent s. dark arrows: fat part icle (f) lining .
E...!.a...1b_ Process chee se food heated at 82•c for .5 h ( hot
111e lt . saMple t3> co ntains many electron-d en se areas l ®rk
arrowsJ. Ll,~hl arrow: fat globule membrane fraglllents,

c:

s.

H . YIU

C: ellllllsityins agent fs odl!UI cttrateJ crystals,

particles,

•=

F:

fat

nticroorgani s•s .

Fig. 23. Detail of electron-dense area s developed in hot
•el t ( proces s cheese food heated at 82°C for 5 h.
s aJRple #JJ .

s2•c

section of hot •ell (saaple •3>.
Electron-dense areas (oJ developed in the protein aatrix
of pro cess cheese food heated at
for 5 hand fat
particle (F) Linins ( da r k arrqwsJ ha\le s trons affinity
for osmiWR. C: emutsifytns agent fs odli.LRI citrate cr ystaLJ, light arrow: fat globule ~neMbrane fraStRent.

~Unstained

sz·c
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~Pro cess

cheese food heated at

src

Fig . 27 . Process cheese food (saJAple 1H3J con taining 2~
rework consis ting of hot aelt Csallt pl e tt4 J ha s a l ow
concent rat l on of saa ll elec tron-den se area s (large do.rk
arro'ICISJ characteri.zins th e hot aett. F: fat particles.
e~~~.tlsifylns agent CsodliLII citrate) crystals. sna ll do.rk
arrow point s to fat particle ( FJ lining, light arrows:
fat globule membrane fragunt s.
~Electron-dense areas ctJ developed in proc ess
c he es e food (sample #J6 J h ea t ed to
with 2.7% T SP
used as the elftll.lsifying agent (aettins saltJ. C: melt ins
salt crysta l s, a: Lacti c acid bacteria . Dark arruw points
to tat particle ( FJ lining .

tor 5 h.

- w• c lor 24 h , and thawed at 4•c f hot me 1 t,
scmple 1UJ contains electron-dense areas (dark arrows )

froun at

c:

si•Llar to unfroz.en hot aelt fswnple 113J. C: e11.1Llsifying
agent fsodl ua citrate) c ry s tals, F: fat particle s, 111:
ai c roorsantsas . light arrows: fat globule aelftbrane fras-

•ents .
~Process

cheese food (s4Jilple •JOJ containing ~
relPOrlt consisting of process cheese heated at gz•c (SaJilpl e 4UJ rue•bhd proce ss c heese food WllJ.de wl thout rework
fs a.ple 1UJ. C: e.ulsifying agent (sodli.Uit citro te J crystals, F: fat fXlTtlclu, tight arrows: fat globule
aeabrane fragaents, dark arrows: fat particle llnln.g .

s2• c

Process cheese food which contained rewor·k in the
fon of the cheese bJend briefly hea ted to 82°C (sampl e

with sodiu111 citrate (Figs . 23 and 25). The us e of 20%
rework In the form of regular process cheese food , s ample
11, led to a product whi ch contained one comiX~nenl emu l sified wi th sodium citr-ate and the other c0111ponent enml sified with TSP (sample 119). The 11icrostructure of this
process cheese food (Fig. 29) rese.bled that of process
cheese food emulsified with TSP containing no rework,
Le .. sa•ple 116 (Fig . 28) . However, the prese nce of
rework used in the fom of hot ..ell (sa111ple #22) resulted
in a product which contained both kinds of dark a reas in
the protein 11atrix (Figs. 30- 32, 35). It was easier to
distinguish the dark areas of different origin fro. each
other at fl high ~~agnification (Figs . 31 and 35 ). F.xa.ination of unstained thin sections confined that the dark
areas that had developed in the hot ~nelt were ei ther .are
coapact or had a higher affinity for os-iu• than the less
dark areas that had deve 1oped in the process cheese food
in the presence of TSP (Fig. 32). This was confi r.ed by
an examination of thin sections stained wJ th urany 1

#10) had the st ru cture (Fig. 26) similal' to regular
process cheese food blend e mul sified with sodium citrate
Yilich was free of rework (sa111ples 11 and 12 , Figs. 19 and
21 ) . The protein •a trices in al 1 three sa•ples were
unifor•ly stained and contained only a s111all nWiber of
fat globule ~brane fragEnts.
It was possible to detect the presence of 20\i of hot
.elt as rework in the process cheese food (e~W.Jlsifted at
82•c with stirring, sa11ple 113) based on the presence of
the characteristic dark areas (Fig. 27) .
Interestingly , the proceas cheese food 11ade with
2 .7% TSP also had a characteristic, though different ,
appearance under the TEM. Although the blend had been
heated only briefly to 82 •c (sample 116). there was a
high concentration of dark areas in the protein aatrix
(Pig. 28). These areas (Pigs. 26- 35) were larger but not
as dark as the areas that developed in hot • e lt aade
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c:

pr ocess cheese food

developed i n proces s chee se f ood containing TSP.
Meltins salt crystal s, F: fat parti cles . 111: ai croorganisas.
f.l. .!.:_l LO etai l of two kin ds of dark ar eas in proce ss
cheese food sampl e #22: dark er areas ( oJ origina te from
hot Itt' L t (S iU!pl e #4 ) used as rework. and l ess dark areas
(f) originate fr011t the use of TSP as the •elting salt. a :
•lcroorganls•s . dark. arrows point t o the the highly
os•ioph ilic lining of fat parti cles (FJ.
~Unstained sect ion o f sa111p l e # 22 s howing th e
os111iophi l i c nature of dark. areas (o) whi ch o riginated in
the hot raelt (s ample lt4 J. Area s (t ) \l.fl ic h or iginated in
process chee se mde with TSP hav e a lower affinity for
os111i wn. Linins ( dark arrows) in the fat particles lF) is
hi ghly OSIIIiophlllc . Light arrow point s to a fat globule
111elllbrane fra[JII ent.

hea t ed with 2.7% s odium c itrat e to 82°C (sample #I J use d
in procus cheese f ood made with 2.7% TSP did not a/f eel
the s tructure of th e product (s ample #I9 J co lltpar ed to
procus che ese food l!lllde without r ework lSUIIIpie lt/6 s ho~m
in Fig. 24J. C: ntelfins salt crystals, t: electron-dense
areas de\leloped in the protein 110trix ln the presence of

TSP used a s the aelt ins s alt , blac k arrow points t o the
lining in a fat parti cl e fFJ, llg ht arrow point s t o a fat
globu l e aelllbrane fra8J11ent.
consist ins of hot melt mad e with
2.7" sodium citrate (Sample IUJ added to a process cheese
food bl end eiiVJ.lstfted using 2.7% TSP a t 82 °C fs a111ple # 22J
aay be dete chd in the for• of Slllal l electron-dense areas
f dark arrows); the se area s are darker t han the areas (f)

~Rework f2~J

acetate and l ead citrate (Figs. 22. 23, 25, 33- 35) . The
distinc tion between the dark a reas a nd f at globu l e mem brane fragments at high magn ification (F ig. 311) wa s as
clear as was the distinction between the two kinds of the
dark areas (Pig . 35).
The causes for the de ve lop.ent of the dark areas i n
t he hot 11el t, i.e., in a cheese blend hea ted at 82°C for
5 h in t he presence of 2.7~ sodium citrate, and in a
si•iJar blend briefly heated at the saae temperature in
the presence of 2.7% TSP, are not known . It is poss ibl e
that the protein underwent so.e changes {10] whi c h either
increased its affinity for oSiliu• or •ade it interact in
a way that would r esu1 t in areas •ore compact than the
r est of the protein matrix . It is pro babl e t hat the
i ncreased affinity for os111u111 may also be related t o
detectable s tructura l changes as re vea led by LM (Figs. 14) . It .ay be suggested that the developnent of the dark

areas in ho t melt as obs er v ed by TEM i s related to a
decreased meltability of the process cheese food which
contains hot mel t as rework.
Additional experi111ents are needed to explain the
phen011ena described i n t hi s paper. TEM of freeze-frac tured process c heese saMples , which s hows the Microstructure of unsta ined protein .atrices [11], should be used
in addit ion to the examination of stained thin sections.
Ion etching followed by SEM may be useful for c haracter izi ng the nature of the e lectron-de nse areas . Gel fi 1 tration and electrophoresis i s suitable to c haracterize
changes in the physical nature of the protei ns constituting t he ~~atri c es of the hot ~~elt as well as other process
c heese food samples. Amino acid analysis will elucidate
changes in the cheMical coMposition of the process cheese
food proteins resulting froll'l prol onged heating.
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~- Ho l c omb: I find the author s' distinction between
~~l"t;-~d ' rework ' a little confusing. Can this be
expl ained?
~ The product that had been once proce ssed but not
pac kaged for sale and is to be r·eprocessed. is ca ll ed
' rework'. ' llot melt ' is defined in thi s study AS the
process c heese which solidified in the p ipes du e to
exce ssive heat treatment. If the 'hot n elt' is r eusable.
it bec~es ' r e work '.

0.

Fig. 33. Detail of dark areas lt J developing in proces s
cheese food in the presen ce of TSP. F: tat particLe .
~Greater detail of the dark areas {tJ dev e loping
in pr oces s cheese food in the presence of TSP . Dark
arrows: fat globule membrane f r a[JRents.
~De talL of two dark areas present in proce ss
cheese food made with 2.7% TSP using ~rework consistins of Jwt melt (saMple ~J Md.e with sodiwn citrate . o:
area dev eloped in hot 111elt. t: area developed in the
presence of TSP .

D.N . Hol co11b : The authors use a •ore- or- I ess 'standard '

~f;rC heese meltabt lity . Would additional useful
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the rate of freezing probably does no t have as much
effect as the rate of cooli ng. The slowly cooled ' hot
.elt' rework receives 1110re heat {.are heat denaturation),
particularly in the high- te.perature region , than a rapidly co oled rework and would make the fresh batch of
process cheese firw~er and less meltabl e.

infonnat ion be obtained by roni taring the actua 1 interna 1
tetnperature of the melting cheese?
The internal temperature of the ltle 1 ting cheese
was not 11011itored. Separate experimen ts would be required
to study the heat conductivity of the cheeses.

~

M. Car i C: What were the types of cheese used to raake the
~~~r.!itl!!.:..

proces cheese blend?
Part ski111 111i lk cheese and stirr ed curd were used
in this study.

Light •icroscopy indicated that the
cheese was IIKlre unifor111 when cooked to higher tellPeratures. Would you expect there to be less difference in
the products listed in Tabl e 1 if all were cooked t o the
higher 1 eve 1 s?
~!!:!Q!'.~ Cooking to high er temperature means extended
eMulsification and, thus, a unifor111 structure. The
cheeses lis ted in Table 1 were sampled when cooked at
7JO, 76°. and 82°C in order to establish the extent at
which the 'rework' becomes dispersed in the cheese blend.

~

D.N. Hol co11b: Could the authors explain why it is neces sary to use osmium tetroxide when fixing sat~~ples for TEM
but not for SEM? Presumably, fat is extracted for SEM.
but is not extracted for TEM. Can the authors estimate
how compl ete are the extraction and retent.ion?
~!!!Q£!...:.. In order to obtain the 111ost i nfon.at ion fro•
•1 lk product samples, fat should either be completely
removed or completely retained y,flen preparing these samples for electron -.icroscopy. Partial removal or retention constitutes an artefact [1 4] . Because TEM is used to
demonstrate re1at1onships between cOIIponents in samples.
it is 1•portant that the fat co11ponent be co•pletely
retained. Postfixation with OsO" is e11ployed for this
purpose. The reaction of unsaturated fatty acids with
aso.. is accelerated in the presence of imidazole (15].
For SE M, the rllicrostructure of the protein nmtrix can be
studied using samples in which fat has been completely
removed (extracted with chloroform after ethanol dehydra tion). The distribution of fat in the matrix is revealed
by freeze-fracturing and is apparent froo the distribution of void spaces which had initially been occupied by
the fat. Postfixation with illlidazole- buffered Oso 4 can be
used to retain fat in salftPles destined for SEM. However,
the mi crographs of freeze - fractured samples show topographically flat fracture planes: occasion a l void spaces
in the protein mtrix indicate the presence of whey or
air pockets.

R.E. Cartwright : How do you deter111ine that the phenomenon
seen in TEM micrographs of the hot .el t saaples is fat
coalescing'? Earlier you reported that the emulsification
in the hot rael t appeared to be more advanced with 25%
more fat droplets and a Sllaller mea n radius . The data
seem to suggest just the opposite.
Authors : The fat particles ln the hot 111el t were s.aller
and , thus, 111ore numerous t han in the contr ol process
cheese saaple. This would sugges t that additional dispers1on of the fat took place during t he excessive heat
treatment . However, as the hot melt had been heated
quiescently, i.e . , without stirring as a form of mechani cal energy required. to b1·eak the fat particles {16), it
is dHficult to perceive that the emulsification would
continue. The term 'coalescing' has been used based on
the appearance of fat parti c l e c lusters. This comment is
valuable as it may stimul ate inte r est in studyi ng the
effects of quies cent heating and / or cooling on the dis persion of fat in p1·ocess c heese.
M. Carli:: Amino acid analysis of cheese proteins is carried out afte r acid hydrolysis of the peptide bonds . so
all amino acids present in the systetn are simply quanti tatively deterMined giving no infor~nation about their
•utual interactions or interactions with other cOIIponents. Che•ica 1 ana I ysls of the protein fractions
(protein nitrogen, soluble n itrogen ) and Maillard's reac tion produ cts such as 5- hydroxymethy 1 furfura 1 would
provide more information about t he amino acid interac tions than the runino acid ana 1ysis
Authors: We agree that a VAriety of analytical methods
should be used to study t he changes in the process cheese
proteins. As excessive heat treatment may i nduce changes
in the amino acid compos ition of the proteins {loss of
individual a~nino acids and/or thtdr racemization). amino
acid analysis including the detection of 0 - araino acids
should be one of the analytical procedures used.

R. E. Cartwright: The heat treatment of the product fea tured in Table 1 has not been revealed . Please c larify.
Au t hors : Process cheese food featured in Table 1 was made
in the l aboratory. After the internal teMperature of the
cheese reached 82°C {in 5 to 7 •in of heating), the
cooked cheese was cooled and stored . The hot melt used as
rework at 10% and 20% levels was taken out from t he pipes
of a co u.ercia 1 plant. The amount of hea t received by
this batch of hot melt varied but is not known. Table l
is used to demonstrate the considerable effects of hot
melt on textural properties of the process cheese food .
For the subsequent experiments, another batch of hot melt
was made in the laboratory using a known heat treatment.
R.E. Cartwright: The rate of freezing for the laboratory
sampl es must be very fast compared to industrial applica tion wher e the bulk quantity to be frozen is mu ch
greater. How do you feel a reduced rate of f reezi ng would
affect the microstructure of processed cheese and how
would its reuse at a 10% or 20% level affect the finished
product'?
Authors: The rate of freezing was not determined , but it
raay be assumed that the rate for a s•a ll laborator y
sampl e would be h igher t han the rate for bulk quantity .
Slow free·7.ing of cheese !Ray result in the development of
ice crystals . Should any ice be formed in slowly frozen
' hot melt ' , the melted water would be absorbed du ring
processi ng and the void spaces would vanish as the 'hot
melt ' is dispersed in the cheese blend rapidly . This
hypotlu'!s Is should be confirmed by experiments. However,

14. KaLlb M.

(1984) . Artefacts in conventional scann111g
electron Microscopy of some lliik products. Food
Microstruc. 3(1), 95- 111.
15 . Allan- Wojtas P~ Kalcib !tt. (1984). Milk gel structure
XIV . Fixation of fat g lobul es i n whole-.i lk yoghurt
for electron microscopy. Milchwissenschaft ~(6) ,
323- 327.
16. ~lstra P. [1983}. Fon.ation of e~nulsions. In: Encyclopedia of Emulsion Technology . 1. Basic Theory.
P. Becher (ed.). Marcel Dekker, Inc ., New York,
Basel. 57 - 127
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THE EFFECTS OF POLYSORBATE 80 ON THE FAT EMULSION IN ICE CREAM
MIX
EVIDENCE FROM TRANSMISSION ELECTRON MICROSCOPY STUDIES
H. D. Goff", M. Uboff, W . K. Jordan, and J. E. Kinsella
Institute of Food Science , Stocking Hall
Cornell University, Ithaca, New York 14853

Introduction
Emulsifiers are used in ice cream to produce a dry , smooth

Emuls ifiers , such as mono - and di -glycerides or
polyoxyethylene sorbitan esters, are used in ice cream to improve
the whipping quality of the mix, to produce a drier ice cream with
smoother body and texture, and to achieve good drawing qualities
at the freezer (Arbuckle , 1976). These effects result from a
destabilization of the fat emulsion (Keeney, 1958: Berger, 1976)
as occurs during the whipping of heavy cream (Schmidt and van
Hooydonk, 1980: Brooker et. al., 1986) in which chains and
clusters of partially ruptured fat globules form a network of fat that
envelops and stabilizes the air cells.
During ice cream manufacture , the whipping and
concomitant freezing process imposes large shear forces on the
mix. The combination of ice crysta11ization and shear is responsible
for destabilization of the milkfat globules (Lin and Leeder, 1974;
Goff and Jordan. 1986) . The magnitude of destabilization facilitated
by an emulsifier is related to its hydrophilic/ lipophilic balance (HLB)
(Govin and Leeder, 1971), and/or to the interfacial tension
between the serum and lipid phases in the presence of the
emulsifier (Walstra , 1983). In a protein stabilized emulsion such as a
dairy emulsion, the addition of surfactant prior to homogenization
reduces the amount of protein adsorbed per surface area of fat
(Oortwijn et. al. , 1977; Oortwijn and Walstra , 1979, 1982; Barfod
and Krog , 1987)
Alsafar and Wood ( 1966) used transmission electron
microscopy to examine the fat dispersion in ice cream . They
reported that the surface layer of fat globules appeared darker and
thicker without an emulsifier than with emulsifier. Berger and White
(1971 ), using freeze etching techniques, reported the presence of
a granular coating , considered to be casein subunits, on the
outside of the fat globules. They stated that the strength of th e fat
globule membrane is th e overriding factor in predicting fat
destabilization. It was suggested that the membrane is only weakly
bound and is easily stripped off to expose a crystalline lipid shell
composed largely of the high-melting glycerides (HMG) . Liquid fat
escaping from these ruptured HMG shells thus becomes the
cementing agent in fat destabilization during freezing (Berger and
White , 1976). However, this liquid core/solid shell model has been
challenged (Walstra and van Beresteyn, 1975 ; Walstra, 1983).
Polyoxyethylene sorbitan monooleate (Polysorbate 80 or
Tween 80) is the agent most commonly used by the ice cream
industry for destabilization of the fat emulsion (Thomas, 1981:
Keeney, 1982) . This research project was initiated to elucidate the
mechanism of emulsifier action in promoting fat destabilization
during the manufacture of ice cream. The objective of this study
was to examine th e microstructural differences in ice cream mix
emulsions prepared both in the presence and absence of
polyoxyethylene sorbitan monooleate.

textured product with desirable melting properties. They function
by promoting a partial destabilization of the fat emulsion .
Po lyoxyeth ylene sorbitan monooleate is used very commonly in
the ice cream industry for this purpose. The objective of this
research was to examine by transmission electron microscopy the
diflerences in the fat globules in typical ice cream mix emulsions
prepared with and without 0 .08% polyoxyethylene sorbitan
monooleate
Ice cream mix was combined 3 : 1 with a 2% solution of
ultralow gelling temperature agarose at 2ooc, fixed with 4%
glutaraldehyde, postlixed with 1% Os04 in imidazole/phosphate
buffer, embedded in Spurr resi n and thin-sectioned lor viewing
The emulsifi er reduced the number of casein micelles adsorbed to
the fat globules as determined by both TEM and quantification of
membrane protein with Kjeldahl analyses. The faV serum interfacial
tension was also significantly reduced by the presence of
emulsifier in the mix. The data suggest that emulsifiers promote fat
destabilization through reduction of membrane protein , based on
their ability to reduce the fat serum interfacial tension . In the
presence of crystallized fat, the emulsion then becomes less stable
to shear forces during the whipping and freezing of ice cream
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Mat erials and Methods
Ice crea m mix preparation

,.,

Four replicates of ice cream mixes with the following
compositions we re prepared : 10% milkfat, 11 % milk solids -not-fat
(msnf), 10% sucrose, and S% corn syrup solids: and 10% milkfat,
11% msnl, 10% sucrose. 5% corn syrup solids, and 0.08%
polyoxyethylene sorbitan monooleate (Tween 80. ICI Americas
Inc., Wilmington, DE) . Fresh cream, skimmilk, and nonfat dry milk
were used as the sources of milk solids . The 8 kg mixes were
blended, pasteurized at 74oc for 30 min, homogenized at 17.2
MPa (2500 psig) , 3.4 MPa (SOO psig) second stage (Manton Gaulin
75E Homogeniz er), coo led to S°C, and aged 24 h, as in
conve ntional ice cream manufacturing procedures
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Eat destabilizati o n an atysrs

One two·litre aliquot of each replicate was frozen in a Taylor
batch freezer to .soc and held in the freezer for a total of 15 min of
agitation. Samples (40mL) were removed from the barrel every 2.S
min and analyzed for the degree of fat destabilization by
turbidimetry. Samples were diluted 1:500 with distilled water and
absorbance was measured at S40nm. Percent fat destabilized was
calculated as ((Amix ·Aice cream)IAmixl x 100% (Keeney , 1958).

20

Q.

10
Time in Freezer (min)

15

Figure 1. The changes as a result of emulsifier addition to the
percent of fat destabilized during the period of time the ice cream
mix was held in the barrel of the batch freezer.

lntert aclal tension

The interfacial tension was measured with a duNuoy ring
apparatus (Fisher Surface Tensiometer) by placing the ring in water
or in aqueous solutions of 11% milk solids·not·fat in a jacketed
beaker at 70°C, with and without 0.08% polyoxyethylene sorbitan
monooteate, layering the solution with anhydrous milkfat at 7ooc,
aging 10 min while maintaining constant temperature , and then
drawing the ring from the one phase into the other.

Table 1. Comparison of the creaming rates of the two ice cream mix
emulsions when both have sat quiescently lor 10 days. Butterlat
determined by Mojonnier ether extraction.

Transmissio n electron microscopy

No Emulsifier

The two ice cream mix erTl..llsions, after aging, were warmed
to 15°C and combined with a 2% solution of ultralow gelling
temperature agarose (SeaPrep agarose, FMC Marine Colloids Div.)
at a rate of 3 parts sample to one part aga rose. The agarose
solution had been previously heated and cooled to 2ooc. The ice
cream mix and agarose combination was allowed to solidify at 4oc
overnig ht. Pieces of the mix were then cut and fixed In 4%
glutaraldehyde in 0.1M phosphate buller (pH 7.0) overnight. After
several rinses in phosphate buffer, the samples were poslfixed in
1% osmium tetroxide in 0.1M phosphate/imidazole buffer (1 :1 vlv ;
pH 7.0) overnight (Angermu ller and Fahimi, 1982 ; Kalab, 1985).
Following several buffer rinses, the samples were dehydrated in
successive ethanol concentrations , embedded in Spurr resin
molds, and held at 70°C overnight. Samples were then thin sectioned (Sorvall MT·2 Ultra·microtome), placed on carbon-coated
Formvar copper grids, and viewed using a Philips EM -300
Transmission Electron Microscope

B utterfa t(%)

In

Butterfat (%)

Top

Ml<

10.00

11.25 ± 0.43

11.28 ± 0.43

9.47 ± 0.11

9.46 ± 0.1 1

Bottom o l

100ml cylinder,

Eat globule measyremgnt

10.00

of

100m! cylinder, 10 days

Butterfat(%)

Tween 80 (0.08%)

10 days

clearly produced an emulsion which was less stable to the applied
shear lorce.s. th~n an emulsion stabilized solely by the milk proteins.
Fat destab11tzat1on also manifested it self in dryness, smoothness,
and meltdown of th e two ice creams when the ice cream mixes
were froz en
Both mixes, however, were equally stable followi ng
homogenization when not subjected to the freezing process

Cross section diameters of all of the fat globules in at least
40 different random fields from each treatment were measured
from the micrograph s. A total of 911 globule sections were
measured and grouped in 0.5 f.1m categories . The number of
discrete protein particles adhering to each of the globules was also
counted. The average diameter of the globule cross sections was
determined as was the average number of adsorbed protein
particles per globule as a function of globule diameter.

(Table 1)

The interfacial tension between the aqueous phase and
anhydrous buneroil was taken as representative of the interlacial
tension at the surface of the ·globule in an emulsion. White the
absolute numbers may be different due to the greatly different
surface to volume ratio , the relative trends can be observed. The
interlacial tension at the aqueous phase/oil surtace was reduced by
the milk proteins and was also reduced by the emulsifier (Table 2).
This decrease in interfacial tension correlated with the increase in
fat destabilization in the presence of the emulsifier. A good
correlation has been shown between the destabilizing power of
several emulsifiers and the serum/lipid interlacial tension in the
presence of the emulsifier and has been reported elsewhere (Goff
el. al., 1987)
In examining electron micrographs of the two emulsions,
differences in the number of casein micelles adhering to the fat
globules were observed. In the absence of the emulsifier, more
casei n micelles adsorbed lo the fat globules (Figure 2, Figure 4)

Quantification of mgmhrane protein

Total protein in the fresh ice cream mix was determined by
Kjeldahl n~rogen . Mix samples were then centrifuged at 26,000g,
20°C , 30 min, the centrifuge tubes were then frozen , the fat layer
was removed, and the serum was thawed , mixed, and reanalyzed
fo r Kjeldahl nitrogen. Adsorbed protein was calculated as the
difference between total protein and serUm protein (Oortwijn and
Walstra . 1979).
BftSUIIS and mscusstnn

The differences observed in the degree of fat
destabilization when the two ice cream mixes were concomitantly
whipped and frozen into the ice cream state are illustrated in Figure
1. The addilion of Tween 80 to the mix prior to homogenization
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Table 2. Interfacia l tension between anhyd rous butteroil and an
aqueous phase with or without 10% skim milk powder and with or
without Tween 80 as determined by a duNuoy ring at 700C.

INTERFACIA L TEN SION

Anhy~~~u~ 8 ~~11eroll
(dynes/em)

INTERFACIAL TEN SION

~~~~':;;.u:kr~'~e:r~"
{dynes fc m)

5.05

8.26

Polyoxyethylene sorbitan
monooleate

2.53

(Tween 80)

8

2.24 a

not stgnillcant at p < 0.05

a

Table 3. Summary of the number of micelles adhering to fat
globules in the presence and absence of Tween 80 as a function
of the globule section diameter, Mean section diameters of the two
emulsions are also shown.

Globule
Sec tion

Diameter
"'m)

Figure 2 . Transmission electron micrograph of the ice cream mix
emulsion in the absence of emulsifier. F=fat globule, C:casein
micelle. A=agarose matrix, arrow points to fat crystal within the
globule. Bar=1 ~m .

• Globules

Av. • Adsorbed
• Globules
Av. • Adsorbed
mi celles par globule
mice lles par globul e

('i:O.S4:t0.051'm I

('i':0.56±0.041'm I

Figure 3. Transmission electron micrograph of the ice cream mix
emulsion in the presence of 0.08% Tween 80. F=fat globule,
arrow points to fat crystal within the globule. Bars1 ~m

Table 4 . Differences in the amount of protein adsorbed to the fat
globul es in each of the mixes as determined by centrifugal
separation and Kjeldahl analyses

Figu re 4. Side·by·side comparison of fat globules from the two ice
cream mixes. 4a has no emulsifi er. 4b contains 0.08% Tween 80.
F=lat globule, C=casei n micelle. Bar=11J.m

No Emulsifier
Mix Protein (% )

than when the emulsifier was included in the mix (Figure 3, Figure
4). This difference in micellar adsorption was quantified by counting
number of micelles adsorbed per globule in random micrographs
from each emu lsion. The statistical analyses performed
demonst rat ed a significant difference (p<0.0 1) between
emulsions ; nearly twice as many micelles were adso rbed to the fat
globules in the mix without emulsifier than in the mix containing

4.08

Tween 80 (0.08%)

± 0.01

4.08

± 0.01

± 0 .07

3.76

± 0.17

Protein in serum
(%of mix)
Adsorbed

Tween 80 (Table 3) .
~dsorbed protein was als.o determined by Kjeldahl analysis
as descnbed above. A small port1on of the fat was found to remain
in the se rum after centrifugation as was found by Oortwijn and
Walst ra (1979). The results indicated that 15.9% of the total mix
protein was adsorbed to the fat globule in the absence of emulsifier
whereas only 7.8% was adsorbed to th e fat globule in the

Protein

{% of total protein}
n =4

195

3.43

15.9

7.84
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presence of Tween so (Ta ble 4) . This dillerence was statistically
significant and the 95% confidence intervals are shown in Table 4.
The info rmat ion gained from measurement of the fat
globule diameters on the micrographs is relevant only to the crosssectional diameters and not to the true diameter of the globule
(Table 3). The mean section diameters and size distribution of the
sections between the two emulsions, however, were not
significantly different. Turbidity or absorbance of the two emulsions
was also determined at both 400 nm and 540 nm using two
different procedures (Table 5). There was no difference in tight
scattering between the two emulsions. Thus it appears that the
addition of the emulsifier had no significant effect on fat globule
size distribution of the two populations. The high homogenizing
pressures involved were the overriding factor in size distribution

5

....

Emulsifier action, therefore , may be summarized as follows .
The added emulsifiers reduce the interfacial tension between the
serum and lipid (tat globule) phases of the mix. II is thus more
favourable for the emulsifiers rather than caseins to adsorb to the
fat surface at the time of homogenization, as this leads to a lowering
of the net free energy of the system . This reduction in the amount
of casein, however, produces an emulsion which is tess stable to
the shear forces applied during ice cream freezing. As a result, the
fat emulsion is destabilized to a greater extent in the presence of
the emulsifiers . Destabilization leads to the production of a
smoother ice cream with good melt resistance due to the
enhanced structure of the foam caused by the fat network.
Examination of the electron micrographs revealed
crystalline fat within the cross section of the fat globule . The
needle-like crystals were distributed evenly and randomly
throughout the globule (Figures 2-6) and no evidence of a solid
shell around the fat globule was observed ; however, a crystalline
periphery was slightly evident in a few globules (Figure 5) . This
structure conforms to that proposed by Walstra (1983); however.
concentric crystalline layers of fat at the globule boundary have
been shown by lreeze etch techniques (Berger, 1976; Buchheim
and Precht, 1979 ; Precht and Buchheim, 1979)
Many of the globules also showed evidence of fat crystals
which influenced the shape of the globule (Figu re 6) . van Boeke!
and Walstra (1981) have suggested a model for crystallization
within a tat globule whereby tangentially oriented crystals protrude
from the surface of the globule and are able to pierce the film
between two existing droplets upon close approach , thu s
promoting rupture of the globule membrane and subsequent
coalescence. This may partly explain the necessity of a partially
crystalline fat to enhance fat destabilization or partial churning

Table 5. Differences in tat globule size distributiOn of the two ice
cream mixes as determined by light scattering techniques (Watstra,
1968) .

ABSORBANCE
ABSORBANCE
14 0 0
40
ICE CREAM MIX _ _ __ _ n_m_J_ _ _ _ _1_5_ _"_m_J_ _
(1 :500 dilution)

NO

EMULSIFIER

w/ Soln. A wlo Sol n. A
(2%)
(2%)

0.83

0.92

w/ Sotn. A w/o Soln. A
(2%)
(2%)

0.63

0 .70

Figure 5 . Milkfat globule from an ice cream mix showing the intricate
structure of needle-like crystals present in the cross section of the
globule. F=fat globule, arrow points to fat crystal. Bar• 11J.m
0.08%

TWEEN 80

0.83

0.92

0.63

0 .70

Figure 6. Milklat globule from an ice cream mix. Arrow points to
surface distortion of the globule caused by the presence of the
internal crystalline structure. F::fat globule. Bar•11J.m.

Sotn. A ::: 0.375% Disodium EDTA

Figure 7. Transmission electron micrograph of an ice cream mix
illustrating two fat globules joined together by the adsorption of a
casein micelle onto each globule. F=fat globule, arrow points to
casein micelle attachment. Bars 1)J.m.

0.125% Tween 20
adj. to pH 10 with NaOH
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3!!: 103-113
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under the inlluence of applied shear forces. The perpendicular and
tangential crystal orientations obse rved in many of the fat globules
from the two ice cream mixes support this theory . The prese nce of
adsorbed casein micelles, however, would tend to physically block
the influence of these crystal protrusions on fat coalescence and
destabilization through steric repulsions
Another observation made from the micrographs was the
presence of homogenization clusters formed by the sharing of an
adsorbed casein micelle between two fat globules, thus holding
them together (Figure 7) . Ogden et. al. (1976) have proposed this
type of structure as one of the possible mec~anisms involved in
clustering of fat globules post homogenization. The two stage
homogenization process involved in the preparation of the mixes
for this experiment is intended to reduce the amount of fat globule
clustering . Thus, only a few such clusters were seen in all of the
micrographs examined
Conclusions
In conclusion, a significant difference was observed in the
number of casein micelles adhering to the fat globule when the ice
cream mix was homogenized in the presence of potyoxyethylene
sorbitan monooleate, more protein being adsorbed in the absence
of the emulsifier than in its presence. The total surface area of fat in
the emulsion was not affected by the presence or absence of the
emulsifier. Crystalline fat within the fat globules exhibited a random
distribution throughout the cross section of the globule. Several fat
globules exhibited crystals which appeared to influence the
peripheral shape of the globule.
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Discussion with Reytewers
e E Brooker: Are any problems encountered when using
agarose as a gelling agent? Would you like to say more about the
use of this get?
Au.l.tulls: We followed the protocol recommended by Strausbach
et. at. , 1985 (Strausbach P, Roberson L, Sehgal N. (1985).
Embedding of cell suspensions in ultra-low gelling temperature
agarose : improved specimen preparation for transmission electron
microscopy. J. Electron Micros. Technique .
261 · 262). They
found that 2% agarose solutions were easy to prepare and resulted
in a firm gel. Agarose concentrations below 1% did not gel while
concent rations above 4% were difficult to prepare. We found 2%
agarose solutions to work well lor our experiments. One problem
/hat did arise was the formation of bubbles If the solu tion was
allowed to boil during preparation. This could cause difficulties
when sectio ning. Therefore the agarose preparation was removed
from the heat source as soon as the agarose went into solution and
before boiling commenced . Some emulsions did not get firmly
when prepared in a 3 part emutsion:1 part agarose solution but stilt
gave satisfactory TEM results. However, the proportion of agarose
to sample could be ra ised in order to produce a firmer gel if
needed.

+

z.:

B E Brooker: Is it possible, by adding sufficient emuls ifier, to
displace all protein from the fat-water .interface of the fat globules? If
so, what can you say about the stability of the resulting globules?
~ : It is known that the excessive use of emulsifier in ice
cream manufacture will cause churning to occur very quickly
(Keeney, 1958). Excessive surfactant is also used in the isolation
of membrane material from washed cream (Mulder H, Walstra P.

197

H. 0 . Goff et. al.
(1974) . The Milk Fat Globule. Commonwealth Agricultural Bureaux .
Farnham Royal , Bucks ., Eng land ., p. 117). Desorplion of
membrane protein is facilitated by this technique. The slability of
the resulting emulsion is greatly reduced.
~:

Have you compared !he results of Table 3, no
emulsifier, with those of Walstra and Oortwijn, Neth. Milk Dairy J .
36(1982)103-113, Fig. 1? You find a similar decrease in number of
micelles at1ached per ~m circumference of the !at globule with
increasing globular diameter.
A.u1h.a.rs.: Our findings do agree with the prediction by Walstra and
Oortwijn that smalle r globules acquire more large particles per unit
surface area, although the globule diameters in Table 3 refer only
to the cross sections and, since this was not systematically studied
by us, there are insufficient observations in the larger size ranges
to independently conclude this re lation
~ : Ice cream is made by cooling to about ·5°C while

beating in air, and under these conditions coalescence of fat takes
place . On the other hand, ice cream emulsions were analyzed for
their microstructure by a preparation scheme involving a
temperature regime with a lowest temperature of 4°C . This
preparation sche me and these conditions are apparently very well
suited to show the interaction between casein and the fat globules.
Can these conditions be considered to be representative lor the
situation at -50C, in particular for aspects such as the amount and
the orientation of fat crystals and the deformalion of fat globules? If
not, would it be advisable and possible to per1orm these types of
microstructural observations at this temperature?
AlLUUu.s.: During ice cream manulacture, a mix is prepared by
processes similar to the one employed by us. This mix is then aged
at 4oc prior to being concomitantly whipped and frozen into the ice
cream state . We were interested in determin ing what
microstructure existed prior to freezing such that fat coalescence
during freezing was enhanced in the presence of the sur1actant.
We did not examine samples of frozen ice cream using this
technique , although more information regarding the time and
temperature dependent fat crystallization process may be gained
from such a study .

A.u..th.a.I..S.: Figure 5 demonstrates the presence of a crystalline
peripheral orientation to some ol the more extensively crystallized
globules: however, the crystals are also distributed throughout the
cross section of the globule in figure 5 and in figs . 2 to 6. There
seems to be no evidence to suppor1 the presence of a solid shell
of crystallized fat and a liquid core; howeve r, this arrangement is still
open to debate. This research does not prove or disprove the
stability of these crystal arrangements . Precht and Buchheim
(1979) found globules with a high melting glyceride shell of 0.10.5 ).lm thickness with crystalline aggregates and liquid fat in the
interior to possess the stability necessary to withstand shear forces
during buttermaking . However, Walstra (1983) suggested that
globules with the birefringent outer layer were the unstable ones.
This remains open to debate as well.
I M de Man : When Kjeldahl nitrogen was determined in the
serum, was a correction applied for the volume of fat removed?
Au.1.h.Q..r.5.: Yes . In the calculation of protein adsorbed to the fat
globules, non-adsorbed protein was deteremined as Kjeldahl
nitrogen in the serum multiplied by the Kjeldahl factor (6.38)
multiplied by the fraction of serum in the mix (0.90). Adsorbed
protein was calculated as total prot ein in the mix subtract nonadsorbed protein.

.L..J::1.e..e.n: Dillerences in tat

destabilization were tound only when
the mixes were subjected to the freezing process. Does this not
imply that , apart from the tat crystals, at least ice crystals also may
Induce coalescence of fat globules, which also, in that case , may
be prevented by steric repulsion of the adsorbed casein micelles?
~: Indeed that is the case. It was reported by us (Goff and
Jordan, 1986) that the combination of ice crystallizat ion . air
incorporation, and shear forces were all nece ssary lor fat
deslabilization to occur in ice cream. When the !at globules lack !he
physical protection of the adsorbed protein layer and are subjected
to th e conditions of the freezer, coalescence is enhanced. Fat
crystallization is also necessary for this destabilization to occu r as
the fluidity or mobility of the globule is greally reduced and the
potential for intergtobule contact through protruding fat crystals as
hypothesized by van Boeke! and Walstra is enhanced
~:

Large differences are found in the amount of fat
in the different em~lsion droplets {compare fig . 5 with 6 and
7): Th1s is in accordance w1th earlier observations ol Walstra {Net h.
M1lk Dairy .J. 1967, 21, 166) by light microscopy and Buchheim and
Precht {M•Ichwissenschaft 1979 , 34, 657;720) by freeze fracture
electron microscopy. There is some debate (Walstra, 1983)
whet~er fa~ glob~tes with birefri~gent outer layers as viewed by
polanzed hght miCroscopy cons•st of small ta ngentially oriented
crystals or of large corcentric layers of tat crystals, terming a more or
tess solid shell . In fig. 5, a concentric arrangement of large
crystalline layers observed. Should this morphology, obtained by
a chemical fixatiOn procedure , be considered as Independent
proof for the existence of this type of arrangement?
Would the author~ dare to speculate which type of
globules would be more likely to be involved in coalescence :
droplets with a strong crystallization with concentric layering as
observed in fig. 5, or droplets with a crystal protru sion as indicated
in fig . 6?
crysta~s
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Intrcrluction

'Ihe

texture of restructured auscle products
is well known to be strongly affected by various

Scrliurn chlor ide ard phosphates are o:::mronly
used in muscle feed systems in order to reduce
drip and to improve functional properties such as
binding and emulsificatioo .
Ha!rm (1960) stated that the effect of salts
on muscle tissue may be urrlerstcxxl by considering
toth the cations arrl the anions . salts such as
NaCl , the ions of which contribute electrical
charges to the peptide chains , result in repulsion
or attraction t:etween the protein molecules arrl

sa l ts . In the present work the effects of NaCl and
CaC1 2 on the ultrastructure o f OOth fre~h and
c=k1ng
salted
silvercarp (Hypophthalm1chthys
mol itrix) muscle were examined , in order
to
elucidate the heat-initiated birrling phenanenon.
Salium chloride at 0 . 3 and 1 . 5% caused swelling
arrl fusion of the myofibrils and loss of arrayed

structure . At 12% NaCl there was a
myofibrillar

structure .

Calcium

canpaction

of

~~ati~~:ng~val~uions i~~~~~Ca +~randd~~~a~~

chloride at all

the tested concentrations resulted in shrinkage of
myofibri ls . The present study demonstrated two

J::elieved to cross-link protein chains and this
narrows the intennolecular spaces available for
water and results in decreased hydration . At high
concentrations
there is a decrease in water
holding capacity for rrost
salts ,
which
is
explained
by cleavage of hydrogen tx:>rrls arrl
excessive folding of the peptide chains (" salting
out" ) . Various ions have been arranged in the
so-called "HofrTEister" series which ranks them
according to their effectiveness in salting- out
proteins . With this regard , increased conformational stability was associated with loss of
solubility ( HaschenEyer am Haschemeyer ' 1973) .
Weinberg et al. ( 1984a) found a high correlation
retween the expressible rooisture in ccd muscle as
affectOO by various salts and the texture of
loaves that were prepared fran ground cxxL In that
study 0.25M NaCl resulted in a cohesive arxl
elastic texture in the cooked loaves ; 2M NaCl
( 12%) resulted in canpact and grainy texture ;
cac1 2 a t ionic s~ength r ange J::et~ 0 .085 and
O. SM resulted 1n soft and crumbl~ng loaves which
expressed a great volurre of rroisture up:m cooking .
Similar results were also obtained with silvercarp
(Weinberg and Angel, 1984 ; 1985 ).
The formation of a cohesive and elastic
muscle matrix fran snall pieces is achieved by
mixing small
muscle
cubes
with
NaCl
arrl
phosphates . A tacky aOO swollen batter is then
obtaine:i , and when heat is applied the proteins
coagulate ard binding between the separate muscle
pieces occurs . This P"Ienanenoo is referred to as
' heat
initiated binding ' (Vadehra ard Baker ,
1970) . The mechanism through which the
heat
initiated binding is achieved is believe:l to re

main effects of salts on the ultrastructure of
fish muscles: ( i ) s~lling of myofibrils which , at
relatively
high
NaCl
concentrations
( 1 . 5% )
resulted in conversion of the arrayed structure of
tl"'ll9 myofibriles into a harogeneous and amor~s
mass , and (ii) shrinkage of myofibrils , which may
result in canpact and. denser
appearance
of
filaments within myofibrils and their shortening .
The textural changes which resulted fran the
different salt treatments are explained by these
findings.
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due to the solubilization am extraction of the
myofibrillar proteins by the salts. These proteins
then serve as binders between the muscle particles
(Vadehra and Baker , 1970; Macfarlane et al., 1977;
Siegel et al ., 1978).
Offer
and
Trinick
( 1983)
used
light
microscopy
as
well as transmission electron
microscopy (TEM) to study the swelling behavior of
isolated myofibrils fran psoas rabbit muscle as
affected by various
NaCl
and
pyrot:flosphate
solutions.
They related the swelling of the
myofibrils to the water retention prot:erties of
the muscle , and prorosed a mechanism by which NaCl
and phosP"tate resulted in swelling by adding
electrical charges (Harron, 1960), and by detachment
of transverse cross bridges fran
the
actin
filaments. When Voyle et al. (1984) studied the
effect of salt and phosphate brining on the
ultrastructure of pig muscle by 'IEM, they found
swe:lling , extraction of A-band proteins arrl Z-line
break- up; these results depended upon muscle age
post rrortem , pH, and duration that muscle samples
were sooked in salt and phosphate solutions. In
adhtion , loss of structure was attributed to
either the extraction or detachrrent of thin or
thick filaments fran the myofibrils . In Leander et
al. ( 1980) a study of structural changes in heated

=~~: m~~~~e~Y ~~ ~t:~bet~: 6~5~t~d

70°C caused sarcanere contraction and loss of the
!-band. Sane Z-line breakage was also noticed.
In the present work an attempt was made to
shed light on the understanding of the heat
initiated
binding phenanenon by studying the
ultrastructure of fresh and heated silvercarp
muscle tissue treated with NaCl aOO eac1 .
2
Materials aOO Methc:ds
Preoaration of the fish muscle
Fresh sil vercarp ( Hyp:?phthalmichthys rroli trix)
was p;rchased fran a local dealer, filleted and

~~~e:1 ~~;tg~~ ~shp~;e~~e~~r~~~l~ ~~
hand for 3 min , with or without various salts . TI"le
treatrrents were : control (no salt added), 0.3%
NaCl (W/W), 1.5%NaCl, 12%NaCl, 0 . 55% CaClt

:~~~ ~; for:~i~·~: ~; ~~~- :~e;a~e~ro~
1

1

geneous mass was achieve::l , a mixed sample frc:m
each treatrrent
was taken
for ultrastructure
examination. The rest of the fish was stuffed into
s tarrlard 1 00 ml
Pyrex beakers
covered
with

:~~~c~il inp~tu~~enw!~ 1 ;~~~a~0~~~1~~~e~~

several rinsings with absolute acetone , for 1 h
each. Then, the samples were embedded within Agar
100 resin (Agar Aid) at .rocm temperature , and left
overnight at 70°C for [X)lyrnerization. Ultrathin
sections were prepared with an LKB ultramicrotane
with a dia.rrorrl knife of Diatcm , Switzerland ,
stained with uranyl acetate and lead citrate , and
examined with a TEM (JE1.'l 100CX II-JIDL) at 80 kV .
Results and Discussion
Scrlium and calcium chloride at the various
concentrations were chosen
for
the
present
ultrastructural study OOcause of two main reasons:
1. these salts have been found to exert very
different textural and water holding effects on
fish muscle tissue (Weinberg et al.,
1984a ;
Weinl::erg and Angel , 1 984, 1 985 ) .
2 . differential scanning calorimetry sttrlies on
the effects of various salts on ccd
muscle
revealed very different thermal transition curves

~~8~~~~~ ~~fabi~eai:~~:t~~~~~nte;ff~t~
on t he conformation of the proteins.
Both textural and thermodynamical analyses
might
indicate
rossible
ultrastructural
differences which may
explain
the
r:;hysical
properties of the treated muscle.
The
myofibrillar
arrangement
of
the
silvercarp is typical for muscle and characterized
by distinct sarccmeres {Figs. 1a, 1b) . In Fig . 1c
the array structure is evident ( Fig . 1c ) , as are
the details at higher rragnification (Fig . 1d).
Heat treatment resulted in shrinkage of
t he
sarcanere length acccrnpanied by disintegration of
OOth the I-band (including the Z-line ) and the
H-zone,
as
indicated by areas of very low
densities (Fig. 2a) . Higher magnification reveals
residues of filamentous elements in the I ard H
zones which might
have
served
as
binding
structures bet~ adjacent sarcaneric elements .
Base::l on the present study it seems that the
disintegration of the myofibrils into sep3..rate
sarcaneric elements might explain the softening of
the fish muscle obtained by cooking. It also
appears
that the heat treatment resulte:l in
disappearance and fusion of the thick ard thin
filaments of the myofibrils (Figs . 1b, 1d) arrl
converted them into a hOI'I'Clgeneous matrix
of
amorphous p3..ttern (Fig . 2b ).
Johnson et al. ( 1981 ) discussed the role of
textural elements in a r heolcgical mcdel of fish
flesh.
They
envisioned fracture of textural
elements U[X)n heating , and the above mentioned

reach an internal tant:erature of 75°C . After these
samples were coole:l to roan temperature, [X)rtions
fran the internal zone were also taken for ultrastructural examination.

Figures 1a, 1b. Longitudinal ultrasection of fresh
silvercarp muscle. The typical sarcaneric zones
(A, H, I, H, Z) are indicated . 1a - bar=800 nm ; 1b bar=90 run .

Electron microscopy
Muscle samples were fixed for 2 h in 3 . 5%
glutaraldehyde in O. l M sodium caco:lylate , pH 7.0,
cooled within a water- i ce bath , and p:Jstfixed for
2 h in 2% 0s0 in 0.1M phost:flat e tuffer. '!he fixed
4
samples were dehydrated with increasOO concentrations ( 20 , 40, 60 aOO 100%) of ethanol, each
step la sting ca . 30 min , and this was followed by

Figures 1c, 1d. Cross ultrasections of the muscle
describ::!d in Fig . 1a. 1c - bar=230 run ; 1d bar=50 run .
Figures 2a, 2b. I.ongitt.dinal ultrasect ion of heat
treated muscle . Remnants of the typical sarcaneric
zones (H , I, Z) are indicated . 2a - bar=700 nm;
2b - bar=67 nm.
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which the toi:ders between adjacent myofibrils may
be identified. However, higher magnification of
these samples (Fig. 7b) reveals a filarrentous
pattern (which was undetectable at 1 .5% NaCl , as
seen in Fig. 5b) in the A-zones . The pattern of
the filamentous material is vecy
dense
and
canpact. Indeed the texture of the fish loaves
prepared with 12% NaCl was very compact, grainy
and inelastic (Weinberg and Angel , 1984).
Calcium treatment of 0.55% resulted in some
initial shrinkage of the I band and H-zones (Fig .
8) . The I-l:ends were more susceptible to shrinkage
and this formed a segrrental structure of the
myofibrils . The heat treated samples of 0 . 55%
~c1
show~ a narrow pattern of the myofibrils ,
w1th 2 dist1nct z-lines and "empty" I-bands . In
addition , the H-zones shrunk considerably (Fig.
9) . This might explain the large amount of drip
that resulted fran the calcium addition. At higher
calcium concentrations the sarcorLeric pattern of
the shrunken myofibrils is almost lost ( Fig. 1 Oa) .
At higher magnification the various sarcaneric
zones can still be identified (Fig. 10b ). A
significant shrinkage is observed with the heat
treated samples i n which the sarcomeric pattern is
lost (Fig: 1 ~). At 2.~% CaC1 the myofibrillar
2
structure 1s distorted (Flg . 12 ).

disap{:earance of filaments fran the myofibrils
could supp:Jrt such ideas .
Myofibrillar proteins can be solubilized and
extracte::1 from muscle tissue at relatively high
NaCl concentrations ( 0. 25 M and atove) . However in
the present study NaCl concentrations as low as
0.3% resulted in swelling of the I-l:end ( Fig . 3a).
This significant
change
is
illustrated.
by
canparing Figures 1b and 3b. It is interesting to
reveal that with 0.3% NaCl the A-band is canp:::>sed
of several bands of various densities (Fig. 3a).
Figure 3c demonstrates a high magnification of the
area around the H-zone . Fig. 3d sh::Ms the muscle
array in cross section in which several densities
may t:e observed. Higher magnification of ilie
myofibrillar cross-section shows diverse densities
within the myofibrils (Fig. 3e). Figures 4a, 4b
show a typical pattern of the 0.3% NaCl trmtment
ur.:on heating. The sarccmeric arrangerrent is still
retained, however there is scxre fusion of adjacent
sar<XJmeric elements which is apparent (Fig. 4b).
At 1. 5% NaCl treatment toth the myofibrillar
and sarcomeric arrangement disappear in the fresh
muscle (Fig. Sa) , and a filamE:>ntous pattern was
not obse:rve::l (Fig. Sb). However , renmants of
interrnyofibrillar regions can be identified in the
hanogeneous rrass of the l::oth fresh and heat
treate::l samples (Figs . Sa, 5b , 6). It appears that
this ultrastructure is a result of marked swelling
of the myofibrils UI_X:In salting. Swelling of the
myofibrils resulte::l in the loss of the array
structure, fusion of the myofibrillar proteins
into an arrorphous mass, and might explain the
resulting tacky muscle batter which leads to a
cohesive and
elastic
texture
upon
heating
( Valdehra and Baker , 1 970; Weinl:.erg and Angel,
1984).
Upon heating , the 1.5% NaCl - treated. samples
exibited two main piltterns:
1 . haTJCX]eneous arrorphous pattern , and 2. residues
of sarcaneric elements (Fig. 6). It is r.:ossible
that where the salt has CCX71pletely reacted with
the muscle proteins a complete horrogeneous mass
was obtained . When the mixing with salt was
incanplete some residual sarcaneric elements can
still be identified with the disintegrated I-bands
(Fig. 6).
Voyle et al. (1984) suggested an accumulation
of protein globules on the muscle fibers membranes
of toth control and salted samples. However, in
the present study no such material was identified
in the hom:::>geneous amorphous rress. Fig. 7a shows
the pattern of the 1 2% NaCl treated samples in

Surmary and Conclusions
The present study derronstrated two
rra1n
structural effects of salts on the ultrastructure
of fish muscles: 1. swelling of the myofibrils at
0.3% NaCl treatment which increased at 1 .5% NaCl
treatment resulting in fusion and conversion of
the
myofibrillar
arrayed
structure
into a
aiOCirphous p3.ttern. 2. shrinkage of the myofibrils

~;~edoc~~~e~~~t~~~s~c~i~~ea;:~:it~t a~~

th:
ccmpact and denser ap{:earance of the filaments
within the myofibrils and
their
shortening.
Pa rticular-ly dense structure have J::een observed at
12% NaCl.
Basecl on the present study , i t is suggested
that
the
first
effect
1S
a
result
of
conformational instability of proteins which leads
to fusion of the myofibrils and to a loss of their
arrayed s t ructure. Such fusion might be related to
the bindi ng and cohesive pro{:erties of these
proteins. On the other hand , the effect
of
shrinkage is a result of cross linking of the
r e latively o(.len and solubilized protein structure
which lead s to deforrration of the myofibrils which
are protected fra,l denaturation. It is interesting
t o note that CaC12 affects o~ly shrinkage~ while
Na Cl brings alx>ut Doth sv.rell1ng and fus1o11 at
relatively low concentrations and canpactness and
shrinkage at high a:mcentrations.

Figures 3a-3c. Longitudinal ultrasection of 0.3%
NaCl treated muscle. Zones A, H, I, M, Z are seen.
3a - bar= BOO nm; 3b, 3c - bar=60 run .

Ackna.vledgrnent

Figures 3d, 3e. Cross ultrasection of the rtluscle
described in Fig. 3a. 3d - bar=250 run; 3e baro60 run .
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Figures 4a, 4b. Longitudinal and cross ultrasections of the heat treated muscle describEd in
Fig . 3a. Remnants of ilie typical sarccmeric zones
A, H, I , and Z are identifiable. 4a - ter=BOO run;
4b ~ rero320 run.
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is given in the Introduction , arrl it explains how
the present study is related to this phenanena.
Indeed it is related to salting in, salting-out
and water retention properties of the muscle
proteins , as emphasized in the Intrcduction .

Figures Sa , Sb. Ultrathin section of 1 . 5% NaCl
treated muscle. Rarmants of the inter myofibril lar
regions ( It1R ) can still be observed . Sa - bar=800
run; Sb - bar=70 nm .
Figure 6. Ultrathin section of the heat treated
muscle described in Fig. Sa where the remnants of
A arrl I bands are still detectable . Bar=BOO run .

Reviewer II: Why did the authors use dry salt
instead of brine? For uniform distribution of as
la.v as 0 . 3% salt , a bri ne wou ld seem to l::e JIDre
reasonable.

Figures 7a , 7b. Longitudinal ultrasection of 12%
NaCl treated muscle . Identifiable sarcomeric zones
(A) and inter myofibrillar regions ( IMR ) can still
be observed . 7a - bar=960 run ; 7b - bar=100 run .
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Authors: We used dry salts and not brine for the
following reasons: 1) Dry salts exerted irrrnediate
aOO obvious effects on the fish muscle. 2 ) Dry
salts are used in the industry to prepare ham and
leaf types prcrlucts . 3 ) Additional water of the
brine might have changed the structure as a result
of dilution effect , or washing out of various
COTI{X)nents .
Reviev.rer II : A 12% salt is not practical for a
restructured muscle fco::l ; the phencrre n:m descrited
is nothing but a dehydration (osnotic drying )
rether than a protein solubilization.
Authors : Previous studies examined the effect of a
12% NaCl and found it to strongly affect the
texture (Weinl:erg et al. 1984a; Weinterg and
Angel , 1984) . TherefOre We examined in the present
study the ultrastructure of the muscle tissue also
under such extreme conditions. The purpose of this
study was to folla-~ the ultrastructure of fish
muscle with various textural properties , rather
than for practical implications . As ITIE!ntioned in
the
intrcrluction ,
textural
properties
of

restructured muscle prcxiucts is highly

correlated

with water holding properties (Weinberg et al. ,
1984a). This phenanenon involves also 'i)ro"'tein
solubilization (Vadera and Baker , 1970 ; Macfarlane
et al. , 1 977 i Siegel et al. , 1 978) . However, it
COuld well be that a12% NaCl treatrrent involves
also dehydration t:esides confo.rrrational changes in
the proteins.
D.F.
lewis:
Swelling
without dispersion is
tm.likely to cause fusion - indeed , swelling VK>uld
be expected to rrove structures further apart .

Authors : According to the present study, the
arrorphous ultrastructure is a result of fusion.
D.F. Lewis: Why did the authors use
minced fish
which adds the difficulties of the interpretation?
Authors: Mincing through 5 mn grinder dose not
affect the sarcaneric ultrastructure as obvious
from the ultrastructure of the unsalted
Figure 8. Longitudinal ultra~ection of 0. 55% cac1
2
treatEd muscle . Shrunken regions (A, I) are ma.rked.
Bar:::800 nm.
Figure 9 . Longitudinal ultrasection of the heat
treated muscle descrited in Fig. 8. Remnants of
saro::xnenc
reg~ons
(H,
I)
clearly
identifiable. Bar=800 run.
Figures 1 Oa ,
1 .25% eac1
2
zones H and Z
- bar=800 nm ;

1 Ob . Longitudinal ultrasection of
treated muscle. Shruz:ken ~a~comeric
(A , I) can still be 1dent1fle::L 10a
1Ob - bar:o230 nm .

Figure
11 . Ultrathin section of heat-treated
muscle described in Fig 1Oa. Remnants of the
various sarccr.1eric zones can be identified (were
not marked). Bar=800 run .
Figure 12. Ultra~hin section of 2~5% Cacl treated
2
muscle. Sarcomer~c patterns are d1storted , but the
filamentous structure is observed . Zone A and the
inter myofibrillar region ( IMR ) can be identified .
Bar"60 nm.
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muscle. However, canparison with a non-minced and
non-saltej muscle as well as with the control
treatment have l:::een done to verify this {X)int. Vie
used
groillld muscle in order to ensure even
distribution of the salts in all parts of the
examined tissue .
S. Cohen : Muscle can{Xlnents are held together by
structural entities. When treated v1ith salts or
other chemicals such as {Xllyphosphates there can
be a leeching o ut
of
substances
such
as
sarcoplasmic proteins which then bind or "glue"
the muscle fibers together . When heate::J , the
various binding components of ImJscle such as the
interrrterliate filaments vimentin, titin and nebulin
are broken . The authors should address these
differences.
Authors: 1 ) The present study , and previous data
(Weinberg , Z.G . 1982. 'Heat Initiated Binding in
Fish ', Ph . D. thesis , Cornell University , Ithaca,
N.Y. ) ,
does not suggest a leeching out (or
extraction) of muscle proteins. In an experiment,
fish
muscle treated with NaCl released less
proteins into solutions canpared
to
control

muscle .

This

is different fran the suggestion of

Siegel et al. ( 1978) which explained that there is
extraction of proteins onto the surface of the
muscle particles. 2) The literature suggests that
the sarcoplasmic proteins contribute very little
to the binding properties
of
ImJscle
(e . g.
MacFarlane
et al. , 1977). 3) Conce.ming the
cytoskeletal proteins mentioned , sane filamentous
remnants can be observed in sane heat treated
samples along the I zones (Figs . 2a, 2b) . Ho<Never ,
no histcx:hemical atternpt Has made to identify
specific proteins .
C.A . Voyle : The concentration of NaCl which gives
rise to the structural changes described in fish
muscle is much less than that required to bring
about similar changes in mammalian muscle (Offer
and Trinick, 1983; Voyle et al. , 1984). IX> the
authors cons ider this to be a significant species
difference , or are other factors involved?
Authors: The same salt treatrrent ( 1. 5% ) resulted
in different textures in a cooked prOOuct prepared
fran different fish and avian muscles. The fish
prcrluct was significantly more tender than the
avian prcrlucts. Bicx:::hemical tests also revealed.
differences
between
the fish and the avian
salt-soluble
proteins
(Weinberg
and
Angel ,
sul::.mitted) . The comparison of different muscles
treated with salts (including marrunalian muscles)
should be rrade nCM under the microscope as well.
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Abstract

Introduction

Transmission e lec t ron microscopy was used to
observe structures within the air cell wall of a corn based extrudate.
Modified fixation and embedding

The only conclusive method to differentiate
physical change taking place within an extrudate as
a result of the extrusion process is microscopy
(Stanley, 1986a).
Gomez and Aguilera (1983) used polarized light
microscopy to show that the morphology of extruded
corn starch samples can be seen as a composite of
gelatinized and dextrinized material. Using scanning
e l ectron microscopy (SEM) Gomez and Aguilera (1984)
observed wall thinning in gelatinized corn starch extrudate and breakdown of the walls into flake-like
struc tures as the ex trudate became more gelatinized .
Owusu-Ansah et al. (1983) used SEM to asce1·tain
complet e gelatlmzahon in a corn starc h extrudate.
Harper (1986) compared the SEM microstructural differences between defatted soy protein and corn grit
extrudates and found rougher ce llular surfaces iri the
corn product compared with the soy extrudate. The
general morphological characterist i cs of corn based
ex t rudates were described by Stanley (198Gb) who,
using SEM, found these extrudates to have a porous
structure consisting of air pockets which are surrounded by laminar sheets of ge latiniz e d starch. To
further elucidate extrudate morphology, in this paper
we describe the procedure used to obtain microstruc tural evidence of air spaces or voids within air cell
walls of a corn extrudate.

teclmiques were employed to obtain optimum thin

sections.

Photomicrographs from these sections

showed minute air cells measuring approximately
5 ~m or less. The s ize of air ce ll s might impose a
limiting factor on the infusion of particulate materials throughout the extrudate ma trix .
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Telephone number: 617 651 4578

Materials and Methods

Sampl es used in this s tud y were from a single
batch of corn-based extrudate which had been
freeze-dried.
Light Microscopy (LM), 4 mm2 fragments of air
cell walls were placed on a glass microscope slide
a nd exam ined using a Zeiss Ultraphot Microscope
eq uipped with Luminar optics and a 16 mm objective
lens.
Photographs were t aken with reflected and
transmitted light using Polaroid 55 P/N film.
Scanning Elec tron Microscopy .
4 mm2 fragments of a1r cell walls were afhxed to an SEM stub
with silver paste, sputter coated with gold palladium
in a Hummer X sputter coater, and examined in the
SEM mode of a Hitachi 600-2 scanning transmission
electron microscope (STEM) at 50 k V. Photographs
were taken using Polaroid 55 P/N film .
Transmission Electron Microsco y (TEM).
mm2 ragments s1m ar to t ose use
a ove were
fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) overnight at 22°C (Tabl e 1).
The

Key Words: Transmission elec tron microscopy , corn
extrudate, air cell wall
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fixation, dehydration and embedding schedu l e i s given
in Tabl e 1. The compos ition of the embedding medium is given in Table 2. The fragments were removed
from the Epon, placed into embedding capsules containing f re sh Epon and polyme rized ove rnight a t
6QOC in a vacuum oven. Aft er polymerization had
t aken place t he b locks were trimmed and 100 nm
sections were cut with a Sorvall MT2B ultramicrotome using a glass knife. The sections were mount ed
on 3 mm copper grids, s t a ined with uranyl acetate
and lead c itrate, and exam ined using the TEI\1 mode
of a Hitachi 600-2 STEM (operated a t 50 kV). The
pho tographs were t aken using Kodak 2415 35 mm
Technical Pan film.
T he STEM objective moveable
aperture was se t at 50 IJffi to obtain an image with
greater con t rast.

ResuJt s and Discuss ion
Examination with reflected light microscopy of
the air cell wall portion of a highly porous cornbased extrudate s howed an unremarkabl e rough surface (Fig. lA); however, when the same samp le was
observed u s ing transm it ted light, air s pac es (A) or
voids c ould be seen throughout the sam pl e (Fig . lB).
It appeared t hat the air spaces were separated by
sep ta; however, none of the struc tures could be
clearly distinguished at this rel atively low magnificat ion.
At a higher magnification, using SEM, few
pores were seen a t the surface (Fig . 2). Although
the possibility ex ists that the pores were covered by
AuPd during spu tt ering, it is more likely that , in this
samp l e, there was virtually no communicat ion between the internal air spaces and the surface.
When sections of the a ir cell wall were examined by TEM the s t ructures which were barely visib l e
with LM could be readily seen (Fig. 3). Minute air
spaces (A) or voids of varying sizes separated by
septa (arrows) of varyi ng thicknesses within the
matrix of the cell wall are probably ana logous to the
observations (of minute vacuoles in the walls of the
larger vacuoles in SEM micrographs of wheat and rye
bread crumbs) made by Pomeranz and Meyer (1984) .
Expansive forces occurring during ex tru s ion
cause wall thinning (Gomez and Aguilera, 1984) and
pore size as well as wall thickness were related to
extruda te moisture con t e nt (Harper, 1986). These
findings were based partially on SEM data. However,
the same conditions affecting the morphology of
large extrudate stru c tures, whose dimensions are in
the 50 to 100 J.lln range, probably contribute to
structures of 5 pm or less within air cell walls .
Finally, e lu cidation by TEM of the internal
microstructure of the corn extrudate air cel1 wall
permits a more informed eva lu ation of the e ffects of
changing extrusion paramete r s o n infusion (air cell
s ize may limit diffusion of infusate particula tes),
ex trudate morphology and texture.

Table 1: Fixation, Dehydration and
---Embedding Schedule
1.

2.5% glutaraldehyde in 0.1 M
phosphate buffer pH 7. 2

ovel'night

2.

Buffer wash

1 hour

3.

Buffer wash

1 hour

4.

Buffer wash

1 hour

5.

Osmium t etroxide

1 hour

6.

Buffer wash as in steps 2, 3, 4

1 hour each

7.

50 % ethy l alcoho l

30 minutes

8.

70 % ethy l alcohol

30 minutes

9.

80 % ethy l alcohol

30 minutes

10.

90 % ethy l a l cohol

15 minutes

11.

95 % ethyl a l cohol

15 minutes

12 .

Ab solut e alcohol

15 minutes

13 .

Absolute alcohol

15 minutes

14.

Absolute alcohol (over silica gel)

15 minutes

15

Absolute alcohol f Epon mix
(equal parts), without OMP -3 0

2 hours

16 .

Epon mix with DMP-30

2 hours

17

Po lymerize at 6QOC under vacuum

24 hours
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Table 2 : Composition of Embedding Medium
---(adapted from Dawes, 1979)
Solution A

Epon 812
DDSA

Solution B

Epon 812
NMA

3.1
5.0
5.0
4.9

ml
ml
ml

ml

Final Mixture:
Solution A
Solution B
DMP -3 0

7.0 ml
3 .0 ml
0.15 ml

z10

Internal Porosity of Corn Extrudate Air Cell Wall

Figure 1. Portion of an air ce ll wall. Reflec t ed light micrograph (Figure lA) showing unremarkable rou
surface, a nd tran smiss ion light micrograph (Figure 18) showing air spaces (A) or void s throughout the sampl
Bar = 0.1 mm.

Figure 2. Scanning electron micrograph of portion of sam ple seen in Fig. 1.
within the rough surface. Bar = 50 IJm.
Figure 3. Tra n sm ission electron micrograph of a section of air ce ll wall.
by septa (arrows) of varying thicknesses. Bar = 1 pm.

Stanley OW (1986b) . Chemical and s tru c tural
determinants of texture of fabricated foods. Food
Tec hno!. <I_Q:65-68, 76.
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This first supplement to Scanning Microscopy contains most of the invited and contributed papers
presented at the Fifth Pfefferkorn Conference held in Brueggen, West-Germany during October 2-7, 1986 . on
"The Physical Aspects of Microscopic Characterization of Materials." Correspondingly, the con t ributions deal
with t he physics of generation and detection of signals used for the characterization of materials on a
microscopic level. It was att empted to provide an overview of the properties and potential of a large number
of probes, be it electrons, ions, photons or phonons which have been used in the past or appear promising for
use in the future. We succeeded in assembling a large number of experts in rather diverse fields . Each of
them shows his latest achievements , of course, but efforts are made to make it understandable to the
specialist in other fields, and to the reader not familiar with a particular field.
The number of topics and techniques is ra t her large. It ranges from established t echniques which have
reached an admirable state of perfection, to very recen t techniques which are just emerging and the
potentials of which have yet to be explored. Among the former are high resolution secondary ion and atom
mass spectroscopy, high resolution electron energy loss spectroscopy and electron holography, to name only a
few.
On the other side there are such novel teclmiques as Scanning Tunneling Microscopy, Near-Field
Optical-, X-Ray -, and Photoelectron Microscopy, or LEED-Microscopy and the Scanning Electron Microscope
with spin polarization analysis for the study of magnetic microstructures . The hope of the organizers was to
open new avenues by bringing people, topics and techniques together which are not normally familiar to each
other . We would be happy if a reader of this book, perhaps a secondary ion microscopist would decide to
incorporate a tunneling microscope to study ion-induced damage on an atomic level, or if an analytical
electron microscopist decided to look more deeply into the potential of X-ray microscopy for his purposes.
Organizers:

Juergen Kirsclmer
Kenji Murata
Jolm A. Venables

Kernforschungsanlage, Juelich, West Germany
Univ. Osaka Prefecture, Osaka, Japan
University of Sussex, Bright on , U.K.
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7. Ultrastructural Effects of Radiation on Tissues & Cells -17 papers from SEMI1981 & 1982. Price
$18.00 (U.S. delivery), $20.50 (elsewhere).
8. Cell Surface Labeling -10 papers from SEMI1979. Price $10.00 (U.S. delivery), $12.00 (elsewhere).
9. Clinical Applications of the SEM- 3 papers from SEM11980. Price $10.00.
10. Brain Ventricular Surfaces -18 papers from SEM11978. Price $15.00 (U.S. delivery) and $17.00
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(vi) Food Microstructure (ISSN : 0730-5419)
The subscription to the semi-annual international journal "Food Microstructure" is $50.00 (U.S. delivery),
$55.00 (elsewhere) for 1982 to 1988, per year.
Studies of Food Microstructure- A hardbound book with 36 papers from SEMI1979, 1980 and 1981.
Price $49.00 (U.S. delivery), $52.00 elsewhere.
Reprints (or photocopies) of papers from our publications are available at $5.00 each.

DISCUSSION WITH REVIEWERS

Each paper in this journal contains a Discussion with Reviewers (DWR). This section
follows the text (generally aft er references) and should be read as a part of the paper.
Each paper submitted to Food Microstructure is reviewed by at least three rev iewers .
The reviewers are asked to separat e their comments and questions. The comments are
u sed in determini ng the accept ab ility of papers.
The comment s require no written
responses from authors, however, in several c ases , the authors prefer to include
responses to comments, or to questions phrased from, or based on, these com ments
(either as a result of editorial suggestion or on the author's own initiative) in DWR.
The questions in DWR, for the most part, originate as a result of statements included
in cover letters accom panying papers sent to the reviewers. The reviewers are asked to
suppose they are attending a conference where the paper , as written, is presented, and
ask rel evant questions. From the questions so asked, some are not included with the
published paper because the author s attend to them by t ext revisions. In some cases,
editorial and I or space considerations may exc lude inclusion of all questions asked by
reviewers.
The authors prepare the DWR section ready for publication.
In some
instances the au thors edit the questions and I or group several similar questions from
different reviewers to provide one answer. While all efforts are made to check that the
questions in the printed version faithfully follow the views of the reviewer(s), the editors
apologi ze, if the actual meaning and I or emphasis may have been changed by aut hors .
The cover le tter to the reviewer also states:
"1. Your name will be conveyed t o the author with your review UNLESS
YOU ASK US NOT TO.
2. The questions published in the Journal will be identified as originating
from you UNLESS YOU ADVISE OTHERWISE ... "
Reviewers's wishes to remain anonymous are respected; however, in most (though not
a ll) cases, the reviewers allow the identity disclosed to the authors. These reviewers
names are included with questions printed with each paper. An overall list of reviewers
and their affiliations (for each issue) is provided on the following pages. We apologi ze
for any error I omissions. The editors gratefully thank the authors and r eviewers for
their contribut ion s, invit e comments on ways to improve this procedure, and seek
qualified volunteers to assis t with reviewing papers in the future .
Finally, reade r s are urged to be cautiou s regarding the weight they a ttach to the
au thor s' replies, since the a n swers to the questions represent the author s unc hallenged
views. Except for minor editorial c ha nges, the authors generally hav e the l ast word.
Also, pl ease consider that the questions we r e, in most cases, r eleva nt to the initially
submitted p aper, and they may not have the same significance for the r evi se d paper
fin ally published.
If you disagree with the a pproaches, results, or conclusions in a paper, please send
your comments, as a Letter to the Editor, typed in a column format (4 - 118 by 11-1 12
inc hes or 10.5 by 29.3 em.). The comment s a nd author's r espon se, will be published in a
sub sequ e nt issue.
ERRATA:
Despite the b es t effort s of authors, review ers , and e ditors, errors may
remain. Pl ease help, by providi ng e nough information to locate eac h e rror (issue , page,
c olumn , line, etc.), and indicating c orrec tion.
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Water Activity: Theory and Applications to Food.
(IFT Basic Symposium Series). Edited by Loui s B.
Rockland and Larry R . Beuchat. 1987. 424 pages,
bound, illustrated. $59.75 (U.S. and Canada) ; $71.50
(All other countries). ISBN: 0- 824 7- 7759 - X. Marcel
Dekk er, In c., New York.
Thi s book prese nt s the proceedings of the
Te nth Bas ic Symposium spon sore d by the In s titut e of
Food Tec hnologists and Int er n ational Union of Food
Science and Technology. In fifteen chapters, nine t ee n authors describe bas ic aspec ts of water structur e and binding and their effects on the chemica l
reactivity, texture, flavor , color, and microbiological
stability of foods. In addition, methods for det er mining water activity are prese nted.
Chapters by M. Le Maguer, " Mechani cs a nd In flu e n ce of Wa ter Bindings on Wa t er Activit y" a n d S.J.
Ri c ha rd son a nd M.P. Ste inberg, "Applic ation s of Nuc lear Magnetic Resonance" co ntain struc tural info rmation which may be of inte rest to food mi c rosc opists. In a chapter on "Effec ts of Water Activity on
T ex tural Properties of Food 11 , M.C. Bourne r eviews
data whi c h show that the t ex tures of various foods
dep e nd upon water activity. If food microstructure
i s a determinate of t ex tu re, then more s tudi es of
mi cros tru c tur e-water ac tiv ity r e lationships would b e
of int eres t.
This book i s inte nded t o be r ea d by food sc ientists and tec hnologis t s and others involved with food
produ c ts. For the b eginn e r , it is a we ll -organ ize d
survey; for the experie n ced investigator , it i s a
valuabl e reference.
D. N. Holcomb
Food I The Chemistry of its Components. By T . P.
Coultate (Polyt ec hnic of the South Bank , London).
The Roya l Soc iety of Chemistry, Burlington House,
London. 1984. 197 pp. ISBN 0-85 186 - 483 - X.

Thi s s lim tex t is a cond e n sed survey of th e
chemistry of food. The subject is divided by c ha pt e r
into: Carbohydrat es, lipid s, proteins, colors, flavor s,
and preservatives. The concise treatment given each
provides a n ove rview particularly useful in organizing
con cept s and data in thi s ex tre me ly complex area of
s tud y, thi s as pect mak es the tex t useful as a rev iew
to those ex p er ienced in the fi e ld and to s tude nt s for
whom thi s would serve as an excellent supplement to
a more detail ed treatme nt of the subject.
As muc h as pos s ibl e eac h c hapter is covered by
dev e loping a matrix of relationships including: the
fundam e ntal st ructure of the ca t egory ; the e ffec t of
thi s s truct ure on the c hem ic a l and physical proper tie s of food; the cellular organization and function
of the component; nutritio n al aspects ; e ffects of
modern process ing on the component s physical,
che mi cal, a nd nutritional properti es (and vise versa);
and the com plex int errelationships betw een the
subject a nd those of the other c hapters. Thi s is not
light reading, however , Dr. Coultate draw s on the
reader ' s experience with food to keep the t ex t from
b e ing dry or confusing.
This i s an exc e llent book recommended to a ll
for it s broa d overview of the subject.
Steve n Huntoon

FOOD MICROSTRUCTURE
INSTRUCTIONS TO AUTHORS
Pdpcrs for publication in the international journal Food Mici'OI'J.1ructun:
are invited. Papers can cover aU ty(X!S of foods. including vegetables. grains.
sea foods, meat. dairy products and others. Topics of interest are: Fund<mlcntal aspects of f<XXI microstructure such as the molecu lar and colloidal forces
which dctcm1inc it. and the practical relationship between food microstructu re
and processi ng. ingredient changes, shelf life. consumer acceptability, and
other food-related areas. Techniques used may include transmiss ion and scanning electron microscopy, light microscopy, x-ray microanalys is. or other
related microscopy/microanalytical methods.
P..:.pcrs for Food Microstructure (FM) may be offered at any time.
P.dpers can be for publication only, or intended for oral presentation at
the Annual Food Microstructure meeting in early spring. The latter
papers are due two months prior to the start of the meeting; only papers
acceptable for publication are allowed oral presentation. Oral presentation of a paper at some other meeting or publication as unrcviewcd abst ract
(e.g., in proceedings, etc.) does not preclude consideration of a paper by FM .
The letter accompanying the paper should contain names and complete
addresses of at least four persons competent to review the paper. Suggested
reviewers: a. must ne ither be from author's current or recent affiliations. nor
CCMQrkers: b. should preferably be active researchers in the field (e.g .. whose
work is being ex tens ively referred to); and c. need not be personall y known
or contacted by the authors. The editors will selet:t the most suimble reviewers
irrespecti ve of their location. Each paper will be intensely reviewed by at
least lhrcc rev iewers
The initial paper (hereafter referred to as "paper") shou ld conform
to these Instructions. However, to be published after reviewing. the final
manuscript (hereafter referred to as "manuscript") should be either a.
submitted on the model sheets conforming to the Manuscript Preparation
Guidelines (mailed along with the reviewers' comments), or b. sent to
SEM Inc. for preparation at a nominal cost (per details mailed with
reviews). In addition to all the text, the manuscript may have to contain
the author's publishable responses to questions raised by the paper's reviewers
(sec the Discuss ion with Reviewers in papers published in FM ).
The following types of contributions can be offered. A length limit
is not imposed on papers. Short, but complete, papers a re welcome.
RESEARCH PAPER: Presents new unpublished findings
REVIEW PAPER: Includes an extended literature rev iew and complete
bibliography, emphasizes author's new unpublished findings <Jnd in an
extended di scussion puts the topic in proper perspective
TtiTORlAL PAPER: Contains an organized comprehensive reviC\\ or
ALL relevant published material as for a teaching lecrure.
TECliNICAL TIP: Paper s hould have no more than 1000 words.
LETTER TO THE EDITOR: Commenting on paper al ready published
in FM .
The author should indicate the type of paper and carefully adhere
to the applicable definition , since the reviewers and editors judge the paper
acco rdingly.
INSTRUCTIONS FOR SUBMISSION OF PAPERS
Type paper in double-spaced format on standard size paper.
The paper should include title page, abstract , all headings and text. On
the title page include: a. a short title which accurately represents the contents of the paper; b. an informative running head consisting of no more
than 50 characters; c. names and affiliations of all authors, name and complete work and home addresses and phone numbers of the person to
contact ; d. 10 key words/phrases suitable for subject index; and e. for
re\'iew papers, indicate page numbers containing new material (e.g., -new
materiaJ will be found on pages _.~)
An Abstract (of 100-250 wo rds) is required for all papers. The Abstract
should be concise and include the purpose of the paper, major results
obtained and conclusions. Phrases such as "will be desc ribed ," ~is discussed.'"
-are prese nted- etc. should be avoided
The Introduction of the paper must contain a clear, concise statement
of the purpose of the paper and the relationship of this paper to what is
already in the literature. As applicable, a Materials and Methods section
with complete specimen preparation information must be included (even
if already published elsewhere), so that the work can be duplicated by others .
Equations should be numbered consecutively, using arabic numerals. Each
symbol and abbreviation should be defined when first used . Sl units must
be used; other metric units or U.S. customary units (English) , if used. must
be given in parentheses.

REFERENCES
Include all references relevant to paper which arc either readily ava ilable
published works or papers in press. Work in progress. manuscripts submitted
or in prepardtion , unpubl ished find ings. personal communications etc. must
be excl uded from the reference list but may be acknowledged in the text
(in parentheses)
The reference list at the end of the paper must be organized in alphabetical order by the flf'St authors' names. Names of all authors (last names
and initials only, with a comma between names and no other punctuation) , full titles of papers, appropriate bibliogr.aphic information (with
standard abbreviation<; for journals, and editors and publishers for books
and proceedings), and inclusive pagination must be included. Availability
information must be included for all non-journal references.
When referencing SEM Inc. publications, use the following fom1ats only
SEM Journal: Frederik PM , Busing WM , Persson A. (1984). Surface
defects o n thin cryosections. Scanning Electron Microsc. 1984; 1:433-443
Food Microstructure: Elgasin1 EA , Kennick WH . (1982). Effect of high
hydroslatic pressure on meat microstructure. Food Microstruc. I, 75-82.
In the text, cite references in one of the fo\lgwi ng two sty lc5-"
a . Cowley (1%7) or (Cowley, 1%7) or Crewe and Wall (1!110). If there
are three or more authors, use the fo m1 Venables et al. (1978). If more than
one paper is published in the same year by the same author (or group of
authors) use the fom1 (Rose, 1974a), etc.
b. As long as there is consistency, either superscript! or full -size numerals
in brackets 01 can be used . Ln this case, the numbering must~ in sequence in
the reference list, but the references will generally not appear in sequence ~ n
the text.
ILLUSTRATIONS AND TABLES
Number each figure and table with an arabic numeral and refer to them
in sequence in the text. Several illustrations within a figure must be
designated a, b, c, etc. Each table must have a titl e. Each figure must have
a caption -either on its own page or all captions should be placed together
on separate pages. Very important : Use a rrows or leiters to identify features referred to, and so indicate in the caption. rllustrate text with the
fewest photographs poss ibl e. Indicate magnification on photos by a line of,
e.g .. 1/Lm. IOILm , IOOp.m. or I mm length ; identi fy either on the photo or
in the caption. Use nm . p.m. or mm, not IJ., u or -X.
Quality of Illustration". Photos should be dear. clean, unscreened
(screened photos are not acceptable), black and white glossy prints. Color
photographs can be published by prior arrangement between author and the
managing editor, whereby the author will be asked to pay the additional cost.
SiJ..e. For the numuscript , illustrations and tables should preferably be 10.5
em wid e. The maximum pem1issibl c length For photographs will be 9 em
(3S'); Iinc drawings and tabl es may be longer than 9 em but not wider than
10.5 em . All letters and ~)' mbol s on illustrations and tables must be larger
than 2.0 mm. THE ILLUSTRATIONS, TABLES AND LETTERING
INCLUDED WITH THE PAPER MUST CONFORM TO THESE
SIZES. Pennissionfor larger illustrations aruJ!or tables must be requested
when the paper is submiued.
SUBMISSIONS AND COMMUNICATIONS
Sllbmit 4 copies of the paper. Each of the 4 copies must include its
own set of illustrations and clear glossy prints of all photographs. (Retain
the best set of prints for your manuscript , since iJiustrations sent with
paper may not be returned.) Papers containing photocopieo; (Xerox, etc.)
of photographs will not be processed for reviewing; manuscript'i containing photocopies of tables and illustrations are not accepted. All illustrations must~ organized in sequence (must not be mounted on cardboards)
and placed in separate envelopes. Place each copy of the paper (TogeTher
with iTs envelope of ill!wmTions) in a separate, unsealed , ready-to-mail
envelope, so that the paper can be sent directly to its reviewers.
For submission of papers and inquiries contact: o ne of the editors or
Dr. Om johari. Managing Editor. (phone JU-529·6677). P.O. Box 665(JI,
AMF O'Hare, lL 60666 USA. (Street address, if needed , is: 1034 Alabama
Dr., Elk Grove Village. IL fiXYJI, USA) .
aJ'HER IMPORTANT ITEMS
Reprints. 15 complimentary tear sheets are provided. Information for ordering additional reprints is sent with the proofs.
Copyright. Food Microstructure is a copyrighted publication. Letters
granting permission to use other copyrighted material must accompany the
manuscript.
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